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PREFACE 

Since  the  publication  of  the  first  edition  of  this  treatise,  in 
1889,  TTiany  advances  have  been  made  in  Hydrauhcs.  Some  of 
these  have  been  briefly  noted  in  later  editions,  but  to  properly 
record  and  correlate  them  it  has  now  become  necessary  to 
reirrite  and  reset  the  book.  In  so  doing  the  author  has  en- 
deavored to  incorporate  other  features  that  have  been  suggested 
to  him  by  teachers  and  engineers,  to  whom  he  here  expresses 
his  thanks.  All  of  these  suggestions  could  not  be  followed,  fot 
thereby  the  work  would  have  been  expanded  to  two  volumes. 
Indeed  the  question  as  to  what  should  be  left  out  has  often  been 
a  more  difficult  one  than  that  as  to  what  should  be  inserted,  and 
the  author  has  made  the  decision  from  the  point  of  view  of  the 
probable  benefit  that  may  accrue  to  students  in  engineering 
colleges  and  to  engineers  in  ordinary  conditions  of  practice. 

The   same  plan  of  arrangement  as  in  former  editions  has 
been  followed,  but  two  new  chapters  have  been  added,  one  on 
Hvdraulic  Instruments  and  Observations   which  treats  of  the 
methods  of  measuring  pressures  and  velocities,  and  another  on 
Pumps  and  Pumping  in  which  the  various  machines  for  raising 
water   are  discussed  from  a  hydraulic  point  of  view.      Among 
the  new  topics  introduced  in  the  other  chapters  may  be  noted 
ibe    vortex  whirl  that  occurs  in  emptying  a  vessel,  new  coeffi- 
cierrts  for  dams  and  for  steel  and  wood  pipes,  the  loss  of  head  in 
pipes  due  to  curvature,  branched  circuits  or  diversions  in  pipe 
sv^tems,   the  influence  of  piers  in  producing  ]-ackwater,  canals 
f,-,r   water-power  plants,  discharge    curves  for  rivers,  the  tidal 
an<J    the  Jand   bore,  water-supply  estimates,  water  hammer  in 
Tnipes,   the  stabihty  of  a  ship,  and  hydraulic -electric  analogies- 
Many  new  examples  and  problems  arc  given  and  in  these  the 
author  has  endeavored  not  only  to  exemplify  the  theory  of  the 
subject,  but  also  to  illustrate  the  conditions  of  actual  practice. 
Historical     notes    and    references    to    hydraulic    hterature     are 
presented   ^vith  greater  fullness  than  before-    The   number  of 
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articles  has  been  increased  from  ifi^  to  196,  the  number  of  cuts 
from  113  to  199,  the  number  of  tables  from  ap  to  $$,  the  num- 
ber of  problems  from  19Q  to  330,  and  the  number  of  pa.ge3  from 
x  +  427  to  \Hii  +  S^S' 

Many  letters  from  fordgn  countries  have  urged  the  author 
to  introduce  the  metric  system  of  measures  into  the  book.  To 
meet  this  demamij  the  most  imirartant  metric  data,  coefficients, 
formulas,  and  probLema  are  given  at  the  end  of  each  chapter, 
and  the  student  who  follows  these  will  have  do  occasion  to 
tram;form  English  measures,  but  ui3.y  leani  to  think  in  metric 
units  and  to  use  them  without  hesitatioa.  The  hydraulic  tables 
have  been  gathered  together  at  the  end  of  the  volume,  instead 
of  being  scattered  throughout  tlie  teKt,  and  it  is  believed  that 
this  p]aa  aSorda  the  advantage  that  a  t^LIe  can  be  more  readily 
found.  The  most  important  tables  are  prese^ited  both  in  the 
English  and  in  the  metric  system,  the  latter  not  being  a  mere 
transform  at  ion.  of  the  fonner,  but  btiug  arranged  to  be  used 
with  metric  arguments. 

In  former  editions  of  this  work,  as  in  most  other  books,  the 
numbers  of  the  articlesn  formiilas,  cuts,  and  problems  were  con- 
secutive and  independent.  In  this  edition,  however,  only  the 
articles  are  numbered  consecutively,  while  the  number  of  any 
formula,  cut,  or  problem  agrees  with  that  of  tbe  article  and  this 
number  is  placed  at  the  top  of  the  right-hand  page.  While  the 
main  purpo&e  in  rewritmg  the  book  has  been  to  keep  it  abreast 
with  modern  progresSj  the  attempt  has  aJso  been  made  to  pre- 
sent the  subject  more  concisely  and  clearly  than  before,  in 
order  to  advance  tixe  interests  of  thorough  education  and  to 
promote  sound  engineering  practice. 

Mahsfielb  Mesriuah. 
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TREATISE  ON  HYDRAULICS 


CHAPTER  I 
FUNDAMENTAL  DATA 

Art.  1,     Historical  Notes 

Hydraulics  Is  that  branch  of  the  mechanics  of  fluids 
-which  treats  of  water  in  motion,  while  Hydrostatics  treats 
of  water  at  rest.  These  two  branches  are  sometimes 
regarded  as  a  part  of  Hydromechanics,  the  name  of  the 
mechanics  of  fluids  and  gases.  While  the  main  piuT>ose 
of  this  book  is  to  treat  of  water  in  motion,  the  most  im- 
portant principles  of  hydrostatics  will  also  be  discussed, 
since  these  are  necessary  for  a  complete  development  of 
the  laws  of  flow.  The  word  Hydraulics  is  hence  here  used 
as  closely  synonymous  with  the  hydromechanics  of  water. 

Hydraulics  is  a  modem  science  which  is  still  far  from 
perfect.  Archimedes,  about  250  B.C.,  established  a  few 
of  the  principles  of  hydrostatics  and  showed  that  the 
weight  of  an  immersed  body  was  less  than  its  weight  in 
air  l>y  the  weight  of  the  water  that  it  displaces.  Chain 
and  bucket  pumps  were  used  at  this  period  by  the  Egyp- 
tians, and  the  force  pump  was  invented  byCtesibius  about 
J20  B.C.  The  Romans  built  aqueducts  as  early  as  300 
B,C.,  and  later  used  earthen  and  lead  pipes  to  convey  water 
from  them  to  their  houses.  They  knew  that  water  would 
rise   in   such  a  pipe  to  the  same  level  as  in  the  aqueduct 


PUNPAMENTAL   DaTA 


Chap.  I 


and  that  a  slope  was  necessary  to  cause  flow  in  the  latter, 
but  had  no  conception  of  such  a  simple  quantity  fls  a 
cubic  foot  per  minute.  But  after  the  destruction  of  Rome, 
in  47.^  A.TJ,,  oven  this  slight  knowledge  was  lost  fmd  Europe, 
for  a  thousand  years  sunk  in  barbarism,  made  no  scientific 
inquiries  until  the  Renaissance  period  began- 

Galileo,  in  1630,  studied  the  subject  of  the  flotation  of 
bodies  in  water,  and  a  littk  later  his  pu]}ils  Cnstclli  and 
Torricelli  made  notable  discoveriesj  the  ffiirmer  on  Uie 
flow  of  \vater  in  riiers  antl  tlie  laiter  on  the  height  of  a 
jet  issuing  from  an  oriflce.  Pascal,  about  1650,  extended 
Torricelli'b  researches  on  the  influence  of  atmuspheric 
pressure  in  causing  liquids  to  rise  in  a  v^tcuum.  Alariotte, 
about  16S0.  was  the  first  to  consider  the  influence  of  fric- 
tion in  rt^tarding  the  flow  in  pipes  and  channels,  and  Newton, 
in  1685.  was  the  first  to  note  the  contraction  of  a  jet  issuing 
from  an  orifice. 

During  the  eighteenth  century  notable  advances  were 
made.  Daniel  and  John  Bernoulli  extended  the  theory 
of  tlie  equilibrium  and  motion  uf  fluids,  and  this  theory 
was  much  improved  and  generalized  by  D'Alembcn. 
BosBut  and  Dubuat  made  experiments  on  the  flow  of  water 
in  pipes  and  deduced  practicaJ  coeflicientSf  while  Cheay 
and  Prony,  near  the  close  of  the  century,  established 
general  formulas  for  computing  velocity  and  discharge. 

During  the  nineteenth  century  progress  in  Gvery  branch 
of  hydraulics  v^'as  great  and  rapid,  Eytelwcin,  Weisbach, 
and  Hagen  sto^xi  high  among  German  experimenters; 
Venturi  and  Ilidone  among  those  of  Italy;  Poncelet,  Darcy, 
and  Bazin  among  those  of  France ;  while  Kutter  in  Switzer- 
land, RankJne  in  England,  and  James  B.  Francis  and 
Hamilton  Smith  in  America  also  took  high  rank  fnr  either 
practical  or  theoretical  investigations-  By  the  experiments 
and  discussions  of  these  and  many  other  engineers  the 
necessary  coefficients  for  the  discussion  of  orifices,  weirs. 
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jets,  pipes,  conduits,  and  rivers  have  been  determined  and 
the  theory  o£  the  flow  oE  water  lias  been  much  extended 
atid  perfected,  1^  invention  of  the  turbine  by  Foumeymn 
ra  1827  exerted  much  influence  upon  the  development  of 
water  power,  while  the  sludiei;  necesaan'  for  the  ctmKtnic- 
tion  of  canals  and  for  the  improvement  of  rivers  and  har- 
bors havG  greatly  promoted  hydraulic  science.  In  this 
advance  the  engineers  of  the  United  Suites  have  done  good 
■nrurk  during  the  latter  part  of  the  nineteenth  century,  as 
is  showii  by  tbe  numeibus  valutible  papers  published  in 
the  Transactions  of  the  American  engineering  societies, 
many  of  which  ^vill  be  uitecJ  in  the  following  pages. 

Galiko  said  in  1630  that  the  laws  controlling  the  motion 
of  the  planets  in  their  ceiestia  L  orbits  were  better  understood 
Umn  those  governing  the  motion  of  water  on  the  surface 
of  the  earth.  This  is  true  to-day,  for  the  theory  of  the  flow 
of  Tcater  in  pipes  and  channels  has  not  yet  been  perfected. 
ETtpeiiinent  is  now  in  advance  of  theory,  but  It  is  the  pur- 
pose of  the  author  to  present  both  in  this  volume  as  far 
as  practicable,  for  each  is  necessary  to  a  satisfactory  undcr- 
stajiding  of  the  other. 

Prob-  1-  Rankine  published  in  the  Philcisophical  Maga- 
aine  of  September,  1B5S,  the  follrtwing  anngram  of  919  letters 
which  coHlains  his  discover}''  regarding  the  hydraulic  resistance 
to    the    OlOtton  of  a   boat;    sqU,  4^.   tc,   gci,   341/,    Sf.   4^,    16A.    loi, 

5/.  jw.  iS">  M-J-  4P.  iq.  ur.  13^.  ^5'.  4".  ^v,  aw,  ix,  ^y.     What 
iA  its  meamcg? 

Art,  2.     Units  of  Measttrh 

The  unit  of  linear  measure  universally  used  in  English 
and  American  hydraulic  literature  is  the  fout,  which  is  de- 
fined as  tme-lhird  f)f  the  standard  yard.  For  some  minor 
purxK>ses,  such  as  the  designation  of  the  diameters  of  orifices 
and  pipes,  the  inch  is  employed,  but  inches  should  alwavs 
be  reduced  to  feet  for  use  :n  hydmulic  formulas.  The  unit 
of  supeHictal  measure  is  usually  the  square   foot,  except 
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for  tlie  expression  of  the  intensity  of  pressurva,  when  the 
sqiiare  inch  is  more  t:ommc»nly  employed. 

The  units  of  volume  employed  in  measuring  water  are 
the  cubic  foot  and  the  gallon,  but  the  latter  must  always 
be  reduced  to  cubic  feet  for  use  in  hydraulic  formulas. 
In  Great  Britain  and  its  colonies  the  Imperial  gallon  is 
used,  but  in  the  United  States  the  old  English  gallon  has 
continued  to  be  employed,  and  the  former  is  20  percent 
larger  than  the  latter.  The  following  are  the  relations 
between  the  cubic  foot  and  the  two  gallons: 

1  cubic  foot  —  &.9ja  Imp,  gallons  =  7.481  U.  S.  gallons; 
I  Imp,  gallon  — 0-1G05  cubic  feet  "i.aco  U,  S.  gallons; 
I  U,  S- gallon  =  o.i3J7  cubic  feet      =0,8331  Imp.  gallons; 

In  this  book  the  Word  gallon  will  always  mean  the  United 
Stales  gallon  of  231  cubic  incheSn  unless  otherwise  stated. 

The  unit  of  force  is  the  force  exerted  by  gra.\'ity  on  the 
avoirdupois  pound,  which  is  also  the  unit  for  measuring 
weights  and  pressures  of  water.  The  inlensily  of  pressure 
is  measured  in  pounds  per  square  foot  or  in  poimds  per 
square  inch,  as  ma.y  be  most  convenient,  and  sometimes  in 
atmospheres.  Gages  for  recording  the  pressure  of  water 
are  usually  graduated  to  read  pounds  per  square  inch. 

The  unit  of  time  to  be  used  in  all  hydraulic  formulas  la 
the  second,  although  in  numerical  problems  the  time  is 
often  stated  in  minutes,  hours,  or  days.  Velocity  is  de- 
fined as  the  space  passed  overbyabodyin  one  second,  under 
the  condition  of  uniform  motion,  so  that  velocities  are  to  be 
always  expressed  in  feet  per  second,  or  are  to  be  reduced 
to  these  units  if  stated  in  miles  per  hour  or  otherwise. 
Acceleration  is  the  velocity  gained  in  one  second,  and  it  is 
measured  in  feet  per  second  per  second. 

The  unit  of  work  is  the  foot-pound;  that  is,  one  pound 
lifted  through  a  %'erttcal  distance  of  one  foot.  Energy  15 
work  which  can  be  done ;  for  ejtample,  a  moving  streajn  o£ 
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water  lias  the  ability  tt>  do  a  certain  runoiint  of  work  by 
%-im*e  of  the  quantity  of  rnoving  water  and  its  velocity,  and 
this  is  called  kinetic  energy.  Again,  a  quantity  of  water 
at  the  top  of  a  fall  has  the  ability  to  do  a  certain  amount 
of  work  by  virtue  of  its  height  above  the  foot  of  the  fall. 
and  this  is  called  poterrtiul  energy.  Potentid  energy 
changes  into  kinetic  energy  as  the  water  drops,  and  kinetic 
energy  is  either  changed  into  heat  or  is  tran&formedj  by 
Tne^ns  of  a  water  motor,  into  useful  work.  Power  is  work 
or  energy,  done  or  existing  in  a  specified  lime,  and  the 
unit  for  its  measure  is  the  horbe-power,  which  is  550  foot- 
pounds per  second- 
Li  French  and  German  literature  the  metric  system  of 
iT>easim^  is  employed  and  this  is  far  more  convenient  than 
tlie  English  one  in  hydraulic  computations,  Tbb  system 
is  umlerstood  and  more  or  less  used  In  all  countries,  and 
its  universal  adoption  is  sure  to  occur  during  the  present 
century,  but  the  time  has  not  yet  come  when  an  American 
«igineering  book  can  be  prep:ired  wholly  in  metric  meas- 
ures. This  treatise  will,  therefore,  mainly  use  the  English 
units  described  above,  but  at  the  close  of  most  of  the 
chapters  hydraulic  data  and  empirical  formulas  will  be 
given  in  metric  measures.  At  the  end  of  the  volume  the 
most  importa.nt  tables  will  be  found  in  both  systems- 
TobJes  1  and  2  give  the  fundamental  hydraulic  constants, 
while  Tables  3  and  4  show  the  equivalents  in  each  system 
of  the  principal  units  in  the  other  system. 

Prob  2-  If  i6t>Q  pounds  of  water  tall  every  second  from  a 
hfri^t  of  i<»  ft^^t,  what  is  the  greatest  horae-power  that  can 
be  developed  by  the  stream? 

Art.  3.     Physical  Phopbrtibs  op  Water 

At  ordinary  temperaturcfi  pure  water  is  a  colorless  liquid 
which  pcissesses  perfect  fluidity:  that  is,  its  particles  have 
the  capacity  of  moving  overeach  other,  so  that  the  slightest 
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disturbance  of  equilibrium  causes  ^  flow.     It  is  a   ccmse- 

qutnce  of  this  prcperty  that  the  surface  of   still  water  is 

always  bvel;  also,  if 
several  vessels  or  tubes 
be  coimected,  as  in  Fig. 
3.  and  water  be  poured 
into  one  of  them,  it 
rises  in  the  others  until, 

when  equilibriiuii  ensues,  the  free  sur^ces  are  in  the  same 

level  plane. 

Jhe  free  surface  of  ^^-ater  is  in  a  different  molecular 
condition  from  the  other  portions,  its  particles  being  drawn 
together  by  stronger  attracti%'e  forces,  so  as  to  form  what 
may  be  called  the  "  skin  of  the  water,"  upon  which  insects 
walk.  The  skin  is  not  iinmediittely  pierced  by  a  sharp 
point  which  moves  slowly  upward  toward  it,  but  a  slight 
elevation  occurs,  and  this  property  enables  precise  detenni- 
nations  of  the  level  of  still  water  to  be  made  by  means  of 
the  hook  gage  (Art.  35), 

At  about  3^  degrees  Fahrenheit  a  great  alteration  in  the 
mok'cular  constitution  of  water  occurs,  and  ice  is  formed. 
Ifaquantityof  waterbe  kept  in  a  periectly  quiet  condition, 
it  is  found  that  its  temperature  can  be  reduced  to  20°  or 
even  to  15°  Fahrenheit,  before  congelation  lakes  place, 
but  at  the  moment  when  this  occurs  the  temperature  rises 
to  32*^.  The  free  sing-point  is  hence  not  constantj  but  the 
melting-point  of  ice  is  always  at  the  same  temperature  of 
32**  Fahrenheit  or  0°  ceiitigradeH 

Ice  being  lighter  than  water,  forms  as  a  rule  upon  its 
surface ;  but  when  water  is  in  rapid  motion  a  variet>^  called 
anchor  ice  may  occur.  In  this  case  the  ice  is  formed  at  the 
surface  in  the  sTiapc  of  small  needles,  which  are  quickly 
carried  to  the  lower  strata  hy  the  agitation  due  to  tt« 
motion ;  there  the  needles  adhere  to  the  bed  of  the  stream, 
sometimes  accumulating  so  as   to    raise   the   water   level 
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•eveml  feet,*  Anchor  ice  sometimes  causes  obstruction  in 
cOflduils  leading  to  water  motors  or  even  clogs  aiid  slops 
tie  motors  themschtfs. 

Water  is  a  solvent  of  high  efficiency,  and  is  therefore 
Mver  fcund  pure  in  nature.  Descending  in  tlie  form  of  rain 
it  absorbs  dust  and  gaae^jus  impuriti<:s  from  the  atniosphere ; 
flowing  over  the  surface  of  the  earth  it  absorbs  organic 
and  mineral  substances-  The&e  affect  its  weight  only 
shghtTy  as  long  as  it  remains  fresh,  but  when  it  has  reached 
tiw  sea  and  become  salt  its  weight  is  increased  more  than 
two  percent.  The  flow  of  wat^^r  through  orifices  is  only  in 
a  very  slight  degree  affected  by  the  impurities  held  in 
solution,  but  in  the  flow  through  pipes  they  often  cause 
tacmstation  or  corrosion  which  increases  the  rougliness  of 
the  surface  and  diminishes  the  velocity. 


The  capacity  of  water  for  heat,  the  latent  heat  evolved 
when  it  freezes^  and  that  absorbed  when  it  is  transfonned 
tfilo  steam,  need  not  be  considered  lor  the  purposes  o£ 
bj"draulic  investigations.  Other  physical  propertitSn  sucti 
as  its  variation  in  volume  with  the  temperature,  its  com- 

IpressJhility,  and  its  capacity  for  transmitting  pressurt'S,  are 
(hscussetl  in  the  following  piiges.  The  laws  which  govern 
id  pressure,  flow,  and  energ)-  under  various  circumstances 
belong  to  the  science  of  Hydraulics,  and  fonn  the  subject- 
matter  of  this  volume. 
Proh.  3-  How  many  i^egrets  cenligrarlc  are  equivnlent  to 
rj*  Fahrenheit?  How  many  degrees  Fahrenheit  are  equLv- 
iJeai  to  ts*  cenligradef 


Art,  4.     The  Weight  of  Water 

The  weight  of  water  per  unit  of  volume  depends  upon 
temperature    and    upon    its    degree    of    purity.     The 

PnuKvfi.  TrtnsaeiiMH  of  tht  Amcncan  Sodrty  of  Gvil  Etigiiwen  ^i^^ 
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fnUnwing  approximate  values  are,  however,  those  generally 
employed  except  when  great  precision  is  required: 

I  cubic  foot  weighs  63.5      pounds, 
I  U.  S.  gaUon  weigbs  ft-355  pounds. 

Tliese  values  will  be  used  in  this  book,  unless  otlienvise 
stated,  in  the  solutiyn  of  the  examples  and  problems. 

The  weight  per  unit  of  volume  of  pure  diatillecl  water  is 
the  greatest  at  the  teir peratnre  of  its  maximuin  density, 
3Q°.3  Fahrenheit,  and  least  at  the  boiling-point.  For 
ordinary  computations  the  variation  iii  weight  due  to 
temperature  is  not  considered^  but  in  tests  of  the  efGdency 
of  hydraiJJc  motors  and  of  pumps  it  should  be  regarded* 
Tabic  7  at  the  end  of  this  book  contains  the  weights  of  one 
cubic  foot  of  pure  water  at  di0epent  temperatures  as  de- 
duced by  Smith  from  the  experiments  of  Rossetti* 

Watera  of  rivers,  springs,  and  lakes  hold  in  suspension 
and  solution  inorganic  matters  which  cause  the  weight  per 
unit  of  volume  to  be  slight]y  greater  than  for  pure  water, 
River  waters  are  usually  between  62.3  and  62,6  pounds  per 
cubic  foot,  depending  upon  the  amount  of  j-mpurities  and 
on  the  temperature,  while  the  water  of  some  mineral  springs 
has  been  found  to  be  aa  high  as  62.7.  It  appears  that,  in 
the  absence  of  specific  information  regarding  a  particular 
water,  the  weight  62,5  pourii.l5  per  cubic  foot  is  a  fair 
approximate  value  to  use.  It  also  has  the  advantage 
of  being  a  convenient  number  in  computations,  for  62.5 
pounds  is  1000  ounces,  or  ^H^  is  the  equivalent  of  62.5. 

Brackish  and  salt  waters  are  always  much  heavier  than 
fresh  water.  For  the  Gulf  of  Mexico  the  weight  per  cubic 
foot  is  about  63.9,  for  the  oceans  about  S4.1,  while  for  tibe 
Dead  Sea  there  is  stated  the  ^'alue  73  pounds  ptfr  cubic  foot. 

•  Hiiiniliou  Smith,  Jr,,  H^^raulica:  The  Flow  of  TA'alcr  Through 
Orificu  uvcT  Wfiis,  and  thivugh  o\xa  CunduiLa  and  Pjpcfl  (Lond^a  and 
New  York,  t&to)»  p,  14, 
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The  weight  of  ice  per  cubic  foot  varies  from  57,3  to  57,5 
pounds.  The  sewage  of  American  cities  is  impure  water 
which  weighs  from  63.4  to  62.;  pounds  per  cubic  fnot,  but 
the  sew-age  of  European  cities  is  somewhat  heavier  00 
account  of  the  smaller  ajrount  of  water  that  is  turned 
into  the  sewers- 

Prob,  4,  How  many   gallons   of  water   are   contained    in    a 
pipe  6  inches  in  diameter  and  u  feel  long?     Howmany  pounds? 


Art.  5.    Atmospheric  Pressure 

Toiricelli  in  1643  discovered  that  the  atmospheric 
pressure  would  cause  mercurj'  to  rise  in  a  tube  fn;)m  which 
Ok  air  bad  been  exhausted.  This  instrumt'nt  is  called  the 
mercury  barometer,  and  owing  to  the  great  density  of 
mercury  tbe  httght  of  the  cnlumn  required  to  balance  the 
atinofipberic  pressure  is  only  about  30  inches.  When 
wator  is  used  in  the  vacuum  tube  the  heigbt  of  the  column 
is  about  34  feel,  in  both  cases  the  weight  of  tlie  barometric 
coluinn  is  equal  to  the  weight  of  a  column  of  air  of  the 
same  cross-section  as  that  of  the  tulx-,  both  ctilumns  being 
lOeaaured  upward  from  the  common  surface  of  contact. 

The  atmosphere  exerts  its  pressure  with  varying  inten- 
sity as  indicated  by  the  n-adings  of  the  mercury  barometer. 
At  and  near  the  sea  level  the  average  reading  is  30  inches, 
and  as  mercury  weiglis  o,4iJ  pounds  per  cubic  inch  at  com- 
nion  temperatures,  the  average  atmospheric  pressure  is 
taken  to  be  30X0.4^  or  14,7  pounds  per  squart?  inch.  The 
pTiessuit  of  one  atniosphere  is  therefore  defined  to  be  a 
pleasure  of  14^7  pounds  per  sc^uare  inch.  Then  a  pressure 
of  two  atmospheres  is  29,4  pounds  per  square  inch.  And 
coDvereely,  a  pn?ssure  of  loo  pounds  per  square  inch  may 
be  e^tp^^sed  as  a  pressure  of  6,S  atmospheres. 

Pascal  in  1646  carried  a  mercury  baron^eter  to  the  top 
of  a  moiuitnin  and  found  that  the  height  of  the  mercury 
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colvunn  decreased  as  he  risocndcil.  It  was  thus  definitely 
proved  that  the  cause  of  the  ascent  of  the  liquid  in  the 
vacuum  tube  was  due  to  the  pressure  of  the  aJr.  Since 
mercury  is  13.6  times  heavier  than  water  a  column  of  water 
should  rise  to  a  height  of  30X13.6=408  inches  =  34  feet 
under  the  pressure  of  one  atnu>sphere<  and  this  was  also 
found  lo  1:k^  the  case.  A  water  barometer  is  impracticable 
for  use  in  measuring  atmobpheric  pressures,  but  it  is  con- 
venient tfi  knttw  ita  approximate  height  corresponding  to 
a  given  height  of  the  n:iercury  barometer.  Table  9  at  the 
end  of  this  volume  shows  heights  of  the  mercury  and  water 
barometers,  with  the  corresponding  pressures  in  pounds  per 
square  inch  and  in  atmospheres.  It  also  gives,  in  the  fifth 
column,  values  from  the  vertical  scale  of  altitudes  used  in 
barometric  leveling  which  show  approximate  elevations 
above  sea  level  corresponding  to  barometer  readings, 
provided  that  the  reading  at  sea  level  is  30  inches  *  In  the 
last  column  are  approximate  boiling-points  of  water  cor- 
responding to  the  readings  of  the  mercury  barometer. 

The  atmospheric  pressure  must  be  taken  into  account 
in  many  computations  on  the  flow  of  water  in  tubes  and 
pipes.  It  is  this  pressure  that  causes  water  to  flow  in 
syphons  and  to  rise  in  tuljcs  from  which  the  air  has  been 
exhausted.  By  virtue  of  this  pressure  the  suction  pump 
is  rendereil  pt>ssihle,  and  all  forms  of  injector  pumps  depend 
upon  it  to  acertain  degree.  On  a  planet  without  an  atmos- 
phere many  of  llie  phenomena  of  hydraulics  would  be  quite 
di^erent  from  those  observed  on  this  earth. 

Prob,  5a.  Find  from  Table  9  the  height  of  the  mercury 
barometer  when  the  boiJiT^g-pomt  of  water  is  305'*  Fahrenheit. 

Prob.  56,  A  mcrrury  barometer  rtads  39.66  inehes  at  the 
foot  of  a  hill,  and  at  the  same  time  another  barometer  reads 
aS  56  Inchej^  at  the  top.  What  is  the  diScrence  in  height  be- 
tween the  two  Btations? 

*  Plymplon,  The  Aneroid  Bamiwtpr  (fiw  Vorft,  i&^s).  p.  a& 
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Art.  6.    Compressibility  of  Water 

The  popular  opinion  that  water  is  incompressible  -s  not 
justified  by  experiments,  which  show  in  fact  that  it  is  more 
compressible  than  iron  or  even  timber  within  the  elastic 
limit.  These  experiments  indicate  that  the  amount  of 
compression  is  directly  proportional  to  the  applied  pressure, 
and  that  water  is  perfectly  elastic,  recovering  its  original 
form  on  the  removal  of  the  pressure.  The  decrease  in  the 
unit  of  volume  caused  by  a  pressure  of  one  atmosphere 
varies,  according  to  the  experiments  of  Grossi,  from  0.00005  ^ 
at  35**  Fahrenheit  to  0.000045  ^t  80*  Fahrenheit.*  As  a 
niean  value  0.00005  i^sy  be  taken  for  this  cubical  unit- 
compression. 

A  vertical  column  of  water  accordingly  increases  in 
density  from  the  surface  downward.  If  its  weight  at  the 
surface  be  62.5  pounds  per  cubic  foot,  at  a  depth  of  34 
feet  the  weight  of  a  cubic  foot  will  be 

63.5(1  +0.00005)  =62,503  pounds, 

and  at  a  depth  of  340  feet  ,1  cubic  foot  will  weigh 

61,5(1  4-0.0005}  "63.53  pounds. 

The  variation  in  weight,  due  to  compressibility,  is  hence  too 
small  to  be  regarded  in  hydrostatic  computations. 

The  modulus  of  elasticity  of  volume  for  water  is  the 
ratio  of  the  imit-stress  to  the  cubical  unit-compression,  or 

S  = "  294  000  pounds  per  square  inch. 

The  modulus  of  elasticity  of  volume  for  steel,  when  subjected 
to  ujiifonn  hydrostatic  pressure,  is  the  same  as  the  com- 
mon modulus  due  to  stress  in  one  direction  only,  or  E  = 
30  000  000  pounds  per  square  inch.  Hence  water  is  about 
100  times  more  compressible  than  steel. 

•  Gr&ssi,  Annalcs  dc  cbemic  el  physqiw,  1851,  vol.  31,  p,  437. 
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The  velocity  of  sound  or  stress  in  any  substance  is  given 
by  the  fomitila  h  -  y/Eg/iir,  when?  iv  is  the  weight  of  a 
cubic  imit  of  the  material  weighed  by  a  spring  balance  at 
the  pkce  wliere  the  acceleration  of  gravity  is  g  (Art,  7), 
For  water  ha\Tngft*  =  62,4  pounds  per  cubic  foot  at  a  place 
wbert  ^  =  33,3  feet  per  second  per  Eecond,  aiidE  =  4a  300  ooo 
pounds  per  square  foot,  this  formula  gives  ^^4670  feet 
per  second  for  the  velocity  of  sound,  which  agrees  well 
with  the  results  of  experiments. 

In  order  to  deduce  the  above  formula  for  the  velocity 
of  stress  it  is  necessary  to  use  some  of  the  fundamental 
principles  of  elementary  mechanics  and  of  the  mechanics 
of  clastic  bodies.  I^ct  a  free  rigid  body  of  weight  W  be 
acted  upon  for  one  second  by  a  constant  force  F  and  let 
'/  be  the  velocity  of  the  bo<iy  at  the  end  of  oVie  second. 
Let  g  be  the  velocity  gained  in  one  second  by  W  when  falling 
linder  the  action  of  the  constant  force  of  gravity.  Then, 
since  fomea  are  proportional  to  their  accelerations, 

F/W^f/g        or        F^W.f/g 

■and  dining  the  second  of  time  the  body  has  moved  tlie 
distance  J/.  Kowj  c<:insider  a  long  elastic  bar  of  the  length 
w,  so  that  a  force  applied  at  one  end  will  be  felt  at  the  other 
end  in  one  second,  it  being  propagated  by  virtue  of  the 
elasticity  o[  the  material.  Let  .4  be  the  area  of  the  cross- 
section  of  the  bar  and  E  the  modulus  or  coefficient  of 
elasticity  of  the  material.  When  a  constant  compressive 
force  F  is  applied  to  the  bar  the  shortening  ultimately 
pnxluced  is  sFu/AE.*  but  if  this  be  done  for  one  second 
only  the  elongation  is  only  half  this  amount,  since  the  first 
increment  of  stress  is  just  reaching  the  other  end  of  the  bar 
at  Ihe  end  of  the  second.  The  center  of  gravity  of  the  bar 
hos  then  moved  through  the  distance  ^Fn/AE.  and  its 
velocity^  is  Fa/AE.     If  w  be  the  wt^ight  of  a  cubic  unit  of 

■  Meititniii] '1  McEtuiiics  nf  Matcrnia  (New  York,  1901),  pp-  11,   197. 
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the  material,  the  weight  W  is  wAu.     Inserting  these  values 
of  V  and  IV  in  the  above  equation,  there  is  found 

-   t    ■  —  .  r-  whence        « =  -J— ^       ^       (6) 

u;^j*      AEg  ^  w  ^  ' 

vfhxch  is  the  formula  for  the  propagation  of  sound  or  stress 
"in  elastic  materials  first  established  by  Newton, 

Prob.  6iT,  Compute  the  velocity  of  sound  in  distilled  water 
at  35°  and  also  at  So*  Fahrenheit. 

Prob.  65,  If  the  weight  of  a  cubic  foot  of  water  at  the  sur- 
face of  the  ocean  is  64.3  pounds,  what  is  the  weight  o£  a  cubic 
foot  at  the  depth  of  two  miles? 


Art.  7.     Acceleration  Due  to  Gravity 

The   motion   of  water  in  river  channels,   and   its  flow 

through  orifices  and  pipes,  is  produced  by  theforce  of  gravity. 

This  force  is  proportional  to  the  acceleration  of  the  velocity 

of  a  body  falling  freely  in  a  vacuum ;  that  is,  to  the  increase 

in  velocity  in  one  second.     Acceleration  is  measiured  in  feet 

per  second  per  second,  so  that  its  numerical  value  represents 

the  number  of  feet'fier  second  which  have  been  gained  in 

one  second.     The  letter  g  is  used  to  denote  the  acceleration 

of  a  falling  body  near  the  surface  of  the  earth,     tn  pure 

mechanics    g    is  found   in  all  formulas  relating  to  falling 

bodies;  for  instance,  if  a  body  falls  from  rest  through  the 

height   ft   it  attains  in  a  vacuum  a  velocity  equal  to  \^2gk. 

In  hydraulics  g  is  found  in  all  formulas  which  express  the 

Iaws  of  flow  of  water  under  the  influence  of  gravity. 

The  quantity  32,2  feet  per  second  per  second  is  an 
approximate  value  of  g  which  is  often  used  in  hydraulic 
formulas.  It  is,  however,  well  known  that  the  force  of 
eravitv  is  not  of  constant  intensity  over  the  earth's  surface, 
but  is  greater  at  the  poles  than  at  the  equator,  and  also 
greater    at    the   sea   level   tlian  un   high   mountains.     The 
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following  formula  of  Peirce,  which  is  partly  theoretical  and 
partly  empirical,  gives  g  in  feet  for  any  latitude  I,  and 
any  elevation  c  above  the  sea  level,  e  being  in  feet : 

g  =3J.g394  (i  +0,0052375  sin'Od  —0.000000095 7 e)     ("Ji 

and  from  this  its  value  may  be  computed  for  any  locality. 

The  greatest  value  of  g  is  at  the  sea  level  at  the  pcle, 
and  for  this  locality  l  =  <)o'^,  e=o.  whence  £  =33-258.  The 
least  value  of  g  is  an  high  mountains  at  the  equator;  for 
this  there  may  be  taken  /  =  6%  f  =  10  000  feet,  whence 
£=32.059.  The  mean  of  these  is  the  value  of  the  acceU 
eration  used  in  this  book,  unless  otherwise  stated,  namely, 

£  —  3?, 16  feet  per  second  per  second, 

and  from  this  the  mean  values  of  the  frequently  occurring 
quantities  V^  and  i/j^are  found  to  be 

^3^  =  8,030,  r/ag  =0.01555.  (7), 

If  greater  precision  be  required,  which  will  sometimes  be  the 
case,  g  can  be  computed  from  the  above  formuti  for  the 
particular  latitude  and  elevation.  Table  11  gives  multiples 
of  the  quantities  g,  2g.  i/af  and  N/ag  which  will  often  be 
useful  in  numeritral  computations. 

Pn>b,  7fl>  The  acceleration  of  gravity  on  the  planet  Mars 
is  ifl.i  feet  per  second  per  second  and  the  weight  of  a  cubic 
foot  of  water  is  95. 7  pounds.  Compute  the  velocity  of  sound 
in  the  water  of  the  Martian  caoala. 

Prob.  7b.  Compute  to  four  significant  figures  the  v-ilues  of 
g  and  Vs/j  for  the  latitude  40°  36'  and  the  elevation  400  feet. 
Also  for  the  b^iTiLe  latitude  and  the  elevation  4000  feet. 


Akt.  8,     Numerical  Computations. 

The  numerical  work  of  computation  should  not  be 
carried  to  a  greater  Jegrce  nf  n-finement  than  Ihu  data  of 
the  problem  warrant.     For  instance,  in  questions  relating 
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to  pressures,  the  data  are  uncertain  in  the  third  significant 
figure,  and  hence  more  figures  than  thrte  in  the  final  result 
must  be  delusive.  Thus,  let  it  be  required  tci  compute  the 
number  of  pounds  of  water  in  a  box  containing  307,37 
cubic  feet.  Taking  the  mean  value  63.$  pounds  bs  the 
weight  of  one  cubic  foot,  the  multiplication  gives  the  result 
19  310.61^5  pounds,  but  evidently  the  decimals  here  have  no 
precision,  since  the  last  figufe  in  62.5  is  not  accurnte,  and 
is  lifcely  to  be  less  than  s,  depending  upon  the  impurity 
of  the  water  and  its  temperature.  The  proper  answer  to 
this  problem,  is  ig  200  pounds,  or  perhaps  19  aio  pounds^ 
and  this  is  10  be  regarded  as  a  probable  average  result 
tather  than  an  exact  tleJinitc  quantity. 

Thiee  significant  fipirt'S  arc  usually  sufficient  in  the 
answer  to  any  hydraulic  problem »  but  in  order  that  the 
last  one  may  be  correct  four  siEnificant  figures  should  be 
used  in  the  computations.  Thus,  307,37  has  five  significant 
figures  and  this  sliould  be  written  307.4  before  multiplying 
il  bv  62.5.  The  zeros  following  a  dcciniEil  point  of  a  decimal 
are  not  counted  significant  figures;  thus,  0,0019  has  two 
and  0.000374a  has  four  signihcant  liguies. 

The  use  of  logarithms  is  to  be  lecommended  in  hydraulic 
compulations,  as  thereby  both  mental  labor  and  time  are 
^v>ed-  Four-figure  tables  are  sufficient  for  common  prob- 
lems, and  their  use  is  particularly  advantageous  in  all 
cases  where  the  data  are  not  precise,  as  thus  the  number 
of  sigtitficant  figures  in  final  results  is  kept  at  about  three^ 
and  bence  statements  imph-ing  great  precision,  when  none 
reiklly  exists,  are  prevented.  The  four-place  logarithmic' 
tjihle  at  the  end  of  this  volume  will  be  found  very  convenient 
in  5»:»I^"ing  numerical  problems.  As  an  example,  let  it  be 
required  10  find  the  weight  of  a  column  of  water  2.66  inches 
squan^  and  sS  7  feet  lorg.  The  computation^  both  by 
(PTTunon  arithmetic  and  by  logarithms  is  as  follows,  and  it 
wilJ  be  found,  by  trying  similar  problems,  that  in  general  the 


3,66       0.4349 
a 

Q.8498 

144    2.1584 

3.6914 

a8,7     1.4579 

6='5      '7959 

Ans.   88,1      1.945a 
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3.66  0.04914 

a. 66  3&.1 

1   596  593" 

i6p][44  3439 

7.076(0,04914  1,410 

576  6?. 5 

1316  S46 

j2g6  3S3 

JO  ..      7Q 

14  Abj.  &&.1    pounds, 
6 

use  of  logarithms  effects  a  saving  of  time  and  labor.  The 
common  slide  rule,  which  is  constructed  on  the  logarithmic 
idea,  Mill  also  be  found  very  useful  in  the  numerical  work 
of  hydraulic  problems. 

The  tables  of  constants,  squares,  and  areas  of  circles 
at  the  end  of  this  volume  will  also  be  advantageous  in 
abridging  computations.  For  instance,  it  is  seen  at  once 
from  Table  50  that  the  square  of  2.66  to  four  significant 
figures  is  7.076,  while  Table  61  shows  that  the  area  of  a 
circle  having  a  diameter  of  0.543  inches  is  0.2316  square 
inches.  The  logarithms  of  hydraulic  and  mathematical 
constants  are  given  in  Tables  1,  2,  and  55,  Tables  5.  6,  11, 
12,  13,  14,  15.  and  16  ^ve  multiples  of  constants  which  may 
be  advantageously  used  when  it  is  necessary  to  multiply 
several  numbers  by  the  same  constant.  For  example,  If 
it  be  required  to  reduce  333. 4t  318,7,  and  98.6  cubic  feet 
to  U.  S,  gallons,-the  book  is  opened  at  Table  6  where  the 
multiples  of  7.481  are  given,  and  the  work  is  as  follows: 


333  4 

3ifi^7 

93^6 

2344'" 

2344-2 

('75^:' 

224.4 

74, a 

59- S 

22.4 

59-3 

4  5 

i  0 

S-a 

737-5 

3494.0  J3S40 

These  results  are  more  accurate  than  can  be  obtained  with 
four-place  logarithmic  tables.  The  logarithmic  work  for 
this  case  would  be  the  following: 
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-W.l  4 

3«R  7 

9S.6 

a^s^ag 

*.5034 

1-9939 

0.S740 

0.S74Q 

Q.S740 

Z-39^9 

3-3774 

2,&679 

^494 

•3*4 

737-7 

In  all  cases  it  is  desirable  that  computations  should  be 
cliecked.  and  a  good  method  of  doing  this  is  to  make  one 
computation  by  common  arithmetic  and  another  by 
logarithms. 

As  this  book  is  mainly  intended  for  the  use  of  students  10 
technical  schools*  a  word  of  advice  directed  especially  to 
Ibem  may  not  be  inappropriate.     It  will  be  necessary  for 
students,  in  order  to  gain  a  clear  understanding  of  hydrauhc 
aaence,  or  of  any  other  engineering  subject,  to  solve  many 
numerical  problems,   and   in   this  a  neat  and   systematic 
method  should  be  cultivated-     The  practice  of  performing 
computations  on  any  loose  scraps  of  paper  that  may  happen 
to  be  at  hand  should  be  at  once  discontinued  by  every 
student  who  has  followed  it,  and  he  should  hereafter  solve 
liis  problems  in  a  special  book  provided  for  that  purpose, 
and  accompany  them  by  such  explanatory  remarks  as  may 
seem   necessary   in    order   to   render   the   solutions    clear. 
Such  a  note-book,  written  in  ink,  and  containing  the  fully 
iiTxked  out  solutions  of  the  examples  and  problems  given 
in  these  pages,  will  prove  of  great  value  to  every  student 
who  makes  it.     Before  beginning  the  solution  of  a  problem, 
a  diagram  should  be  drawn  whenever  it  is  possible,  for  a 
diagram  helps  the  student  to  clearly  understand  the  problem, 
and  a  problem  thoroughly  understood  is  half  solved.     Be- 
fore commencing  the  numerical  work,  it  is  also  well  to  make 
a  mental  estimate  of  the  fmal  result. 

Prob.  8a.  Compute  the  diameter,  in  inches,  of  a  cylindrical 
column  of  water  34  feet  high  which  weighs  14-73  pounds  at 
the  temperature  of  63'*  Fahrenheit. 

Prob-  86.  When  the  height  of  the  water  barometer  is  33.3 
feet,  what  is  the  height  of  Uie  mercury  barometer,  and  what 
is  the  atmospheric  pressure  in  pounds  per  square  inch? 
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Art,  9,     Data  ik  the  Metric  System 

When  the  metric  system  is  used  for  hydraulic  computa- 
tions the  meter  is  taken  as  the  unit  of  length,  the  cubic 
meter  as  the  unit  of  volume,  and  the  kilogram  as  tbe  unit 
of  force  and  weight.  Lengths  are  sometimes  expressed  in 
centimeters  and  \'xjlumes  in  liters,  but  these  should  be 
reduted  to  meters  and  cubic  meters  for  use  in  Ihe  fomiuJas. 
The  unit  of  time  is  the  second^  the  Tinit  of  velocity  is.  one 
meter  per  second,  and  accelerations  are  measured  in  meters 
per  second  per  second.  Pressures  are  usually  expressed 
in  kilograms  per  square  centimeter  and  densities  in  kilo- 
grams per  cubic  meter.  The  metric  horse -power  is  75 
kilogram -meters  of  work  per  second,  and  this  is  about  ij 
percent  less  than  the  English  horse-power.  Tables  3  and  4 
give  the  crjuivalents  in  each  system  of  the  units  of  the  other 
system ,  but  the  student  wtII  rarely  need  to  use  these  tables- 
He  should*  on  the  other  handj  when  using  the  metric 
system  employ  it  exclusively  and  Icnm  to  think  readily  in 
it.  The  following  matter  is  supplementary  to  the  coi^ 
responding  articles  of  the  preceding  pages. 

(Artn  3)  At  about  0°  centigrade  ice  is  generally  formed. 
If  water  be  kept  perfectly  quiet,  however,  it  is  found  that 
its  temperature  can  be  reduced  to  —7^  or  —9°  before 
freezing  iK-gins,  but  at  this  instant  the  temperature  riaea 
to  0°  centigrade. 

(j\rt.  4)  In  the  metric  system  the  following  approjti- 
mate  values  are  used  for  the  weight  of  water: 

I   cubic  meter  weighs  1000  kilo^ams, 
I  liter  wdgha  1  kilogram. 

It  may  be  noted  that  the  constants  for  the  weight  of  water 
differ  slightly  in  the  two  systems.  Thus,  the  equivalent  of 
62,5  pounds  per  cubic  foot  ia  about  looi  kilograms 
cubic  meter.  The  weight  per  unit  of  volume  of  pui^ 
distilled  water  is  greatest  at  the  temperature  of  maxira 
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dtiiaty,  4*-i  ceotigrade.  and  least  at  the  boiling-point- 
Tjjblp  S  p'vea  ^vvights  of  disliUerl  water  at  cJifTereTiL  tenipera- 
lurw  ia  kilograms  per  cubic  meter,  as  determined  by  Ros- 
seUi,'  River  ^vaters  an;  usually  between  997  and  looi 
kiln^nuns  per  cubic  meter,  de(>ending  upcan  the  amount  of 
imporilies  and  the  temperature,  while  the  water  of  seme 
mineral  springs  has  been  Eourtd  as  high  as  1004^  It  appears 
then  Ihal  1000  kilograms  per  cubic  meter  is  a  fair  average 
^jTue  to  use  in  hydraulic  work  for  the  weight  of  fresb  water. 
]Eriu:kish  and  salt  WiiU'n^  aru  heavier.  For  the  Gulf  of 
Mexico  the  weight  per  cubic  meter  is  about  1023,  for  the 
ooans  about  1027,  while  for  the  Dead  Sea  there  is  stated 
the  v&lne  1169  kilograms  per  cubic  meter.  The  \ve)ghl  of 
i»  per  tubic  meter  varies  from  gifj  to  ^31  kilogiams. 

(Art.  5)     Near  the  sea  level  the  average  reading  of  the 

mercury  barometer  is   76  centimeters,  and,   since  mercury 

Weighs  JJ.6  grams  per  cubic  centimeter,   the  a^-erage  at- 

mijspherk    preasuie    is    taken    to    be    76X0,0136  — 1.033 j 

^  falii,^rams    per    square    centimeter.     One    atmosphere    of 

^■pe^ure   is   therefore   slightly   greater  than   a   pressure  of 

^■TOc  kilogmm  por  square  centimeter.     Conversely,  a  pressure 

Vof  «w  kilogram  per  square  centimeter  may  be  expresfied 

M  ft  pressure  of  0.968  atmospheres.     In  a  perfect  vacuum 

•fiber  wiil  rise  to  a  height  of  about  toJ  meters  under  a 

pressure  of  one  atmosphere,  for  tlie  average  Sfiecific 

vity  of  mercury  is  ij^.6,  and   1,^.6x0.76  —  10.33  meters. 

ble  10  shows  atmospheric  pressures,  altitudes,  and  boiU 

-points  of  water  corrtsponding  to  heights  of  the  mercury 

water  barometers. 

{An.  6)  U  tlie  weight  of  a  cubic  meter  of  water  is 
kilograms  at  the  surface  of  a  pond  the  weight  of  a 
nieter  at  a  depth  of  loj  meters  will  be 

ioQo(i -f  0.00005)  =  1000.05  kilograms, 


■  Ajmales  d«  ctaimittl  de  physiqiK,  iMtt,  vnL   17,  paee  ^70. 
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and  at  a  depth  of  103J  meters  a  cubic  meter  will  weigh 

1000(1 +0.0005) —  1000, s  kilograms. 

Hence  the  variation  due  to  compression  is  too  small  to  be 
generally  taken  into  account-  The  modulus  of  elasticity 
of  volume  for  water  is 

E  =■ —         -  =■  20  700  kilograms  per  square  centimeter. 

0.00005  *  O  r  T 

while  that  of  steel  is  about  2  100  000.  Using  g  =9.8  meters 
per  second  per  second,  the  mean  velocity  of  sound  in 
water  is  v  =  \^Eg/'iv=^j^2o  meters  per  second. 

(Art.  7)  The  formula  of  Peirce  for  the  acceleration  of 
gravity  on  the  earth's  surface  is 

£  =  9.78085(1+0,0052375  sin'0(i -0-0000003 14^)     C9)i 

in  which  g  is  the  acceleration  in  meters  per  second  per 
second  at  a  place  whose  latitude  is  I  degrees  and  whose 
elevation  is  e  meters  above  the  sea  levcL  The  greatest 
value  of  g  is  at  the  sea  level  at  the  pole;  here  ^  =  90'  and 
^^o,  whence  £  —  9.8321,  The  least  value  of  g  in  hydraulic 
practice  is  found  on  high  lands  at  the  equator;  here  l=^o'* 
and  e  =  4000  meters,  whence  g  =  9.7683.  The  mean  of 
these  is  9-800,  which  closely  agrees  with  that  found  in  Art. 
7,  since  32-16  feet  equals  9.802  meters;  accordingly 

g  =9.800  meters  per  second  per  second 

is  the  value  of  the  acceleration  that  will  be  used  in  th^ 
metric  work  of  this  book.     From  this  are  found 

V^  =  4.427  1/2^-0.05102  (9), 

Table  12  gives  multiples  of  these  values  which  will  often 
be  of  use  in  numerical  computations- 

(Art.  8)  The  remarks  as  to  precision  of  numerical 
computation  also  apply  here.  Thus,  if  it  be  required  to 
find  the  weight  of  water  in  apipe  38  centimeters  in  diameter 


AitT.  e  Data  in  the  Metric  System  21 

and  6  meters  long.  Table  51  gives  0.1134  square  meters  for 
the  sectional  area,  the  volume  is  then  0.6804  cubic  meters, 
and  the  weight  is  680  kilograms,  the  fourth  figure  being 
omitted  because  nothing  is  known  about  the  temperature 
or  purity  of  the  water.  In  general,  hydraulic  computations 
are  much  easier  in  the  metric  than  in  the  English  system- 

Prob.  9a,  What  is  the  pressure  in  kilograms  per  square 
centimeter  at  the  base  of  a  column  of  water  97.3  meters  high? 

Prob.  96.  Compute  the  value  of  f  at  Quito,  Ecuador,  which 
is  in  latitude  —0°  15'  and  at  an  elevation  of  2850  meters 
above  sea  leveL 

Prob.  Gc.  Compute  the  velocity  of  sound  in  fresh  distilled 
water  at  the  temperature  of  12"  centigrade,  and  also  its  mean 
velocity  in  salt  water, 

Prob-  9d,  How  many  cubic  meters  of  water  are  contained 
in  a  pipe  3150  meters  long  and  30  centimeters  in  diameter? 
How  many  kilograms?     How  many  metric  tons? 

Prob-  9c.  What  is  the  boiling-point  of  water  when  the 
mercury  barometer  reads  735  millimeters?  How  high  will 
water  rise  in  a  vacuum  tube  at  a  place  where  the  boiling'point 
of  water  is  gj"  centigrade? 
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HYDROSTATICS 


Aar.  10.    Transmission  op  Pressure 

One  of  the  most  remarkable  properties  of  a  fluid  is  its 
capacity  of  transmitting  a  pressure,  applied  at  one  point  of 
the  surface  of  a  closed  vessel,  unchanged  in  intensity,  in  all 
directions,  so  that  the  effect  of  the  applied  pressure  is  to 
cause  an  equal  force  per  square  inch  upon  all  parts  of  the 
enclosing  surface-  Pascal,  in  1646,  was  the  first  to  note 
that  great  forces  could  be  produced  in  this  manner;  he 

saw  that  the  total  pressure  in- 
creased proportionally  with  the 
area  of  the  surface.  Taking  a 
closed  barrel  filled  with  water 
he  inserted  a  small  vertical  tube 
of  considerable  length  tightly 
into  it  and  on  filling  the  tube 
^^^-  'Oa  the  barrel  burst  under  the  great 

pressure  thus  produced  on  its  sides,  although  the  weight  of 
the  water  in  the  tube  was  quite  small.  The  first  diagram 
in  Fig.  10a  represents  Pascal's  barrel,  and  it  is  seen  that 
■the  unit-pressure  at  B  is  due  to  the  head  AB  and  inde- 
pendent of  the  size  of  the  tube  AC^ 

Pascal  clearly  saw  that  this  property  of  water  could  be 
employed  in  a  useful  manner  in  mechanics,  but  it  was  not 
until  1796  that  Bramah  built  the  first  successful  hydraulic 
press.  This  machine  has  two  pistons  of  different  sizes  and 
a  force  applied  to  the  small  piston  is  transmitted  through 
the  fluid  and  produces  an  equal  unit-pressure  at  every 
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The  appl:i*d  Fort^e  is  here 


performed 


w 

.1 

Hic.  HVi 


pomt 

plied  to  any  required  extent, 

tbe    ktrge    piston  cannot  ex- 
ceed    vtuil    imparted    tfJ    tbe 

dukl   by   the  small  one.     Let 

41  and  A   be  the  areu^  of  the 

small  and  lar^  pistons,  and 
^  the  pressure  la  pounds  per 
square  untt  applied  to  a:  then 
the  unit-pressure  in  the  fluid 
is  p,  and  the  u^t^l  pressurt-  an 
tbe  small  ptstnn  is  ^ii,  while  that  on  the  large  piston  is  ^-4. 
Utt'llie  distances  thnjugli  which  the  pistons  move  during 
CT»e  stroke  be  d  and  D  Then  the  imported  i^Yirk  is  ftad, 
and  the  performed  work,  neglecting  frictional  resistances, 
is  pAD.  Consequent!)'  ad^AD.  and  since  a  is  small  as 
o>mpe.red  with  A.  the  distance  D  must  be  smaU  compared 
r\-ir  ^1  li.  Here  is  founil  an  illustration  of  the  popular  niaxim 
■■  What  is  g^iined  in  force  is  lost  in  velocity." 

Tile  Keoly  motor,  one  of  the  delusions  of  the  ntneteenth 
omiury.  is  said  to  have  employed  this  principle  to  prodnce 
9ome  erf  itfi  effects.  Very  small  pipes,  supposed  by  the 
Occl^tors  to  be  wires  conveying  some  mysterious  forcCf 
wi-nr  used  to  transmit  the  pressure  of  water  to  a  receiver 

.  re  the  total  pressure  became  very  great  in  consequence 
of  greater  area. 

In  consequence  of  its  fluidity  the  pressure  esisting  at 

--'.-  pctint   m  a  bndy  of  water  is  exerted  in  all  directions 

I  eqiMl  intensity.     If  \^ater  be  confined  by  a  bounding 

fuKn^:^.  as  in  a  vessel,  its  pressure  against  that  surface 

■.  be  jjormal  at  fver\'  point,  for  if  it  werp  inclined  the 

r  would  move  along  the  surface.     When  water  lias  a 

surface  the  unit-pressure  at  any  depth  depends  only 

on  that  depth  nnd  not  on  the  shape  of  the  vessel.     Thus 

m  the-   second    diagram  of  Fig.  lOa  the  unit-prcSsure  at  C 
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produced  by  the  smaller  column  of  water  aC  is  the  same 
as  that  caused  by  the  larger  column  AC,  and  the  total 
pressure  on  the  base  B  is  the  product  of  its  area  into  the 
unit-pressure  caused  by  the  depth  AB. 

Prob.  10.  In  a  hydrostatic  press  the  diameter  of  the  small 
piston  is  2  inches  and  that  of  the  large  piston  is  i2  inches, 
while  the  pressure  in  the  fluid  is  1750  pounds  per  square  inch. 
If  the  small  i)i5ton  moves  3  inches  per  minute,  how  far  does  the 
large  one  move?     What  horse- power  is  transmitted  by  the  press? 

Art,  U.     Head  and  Pressurb 

The  free  surface  of  water  at  rest  is  perpendicular  to 
the  direction  of  the  force  of  gravity,  and  for  bodies  of  water 
of  small  extent  this  surface  may  be  regarded  as  a  plane. 
Any  depth  below  this  plane  is  called  a  "  head,"  or  the  head 
upon  any  point  is  its  vertical  depth  below  the  level  surface. 
In  Art.  !0  it  was  seen  that  the  uiiit-pressure  at  any  depth 
depends  only  on  the  head  and  not  on  the  shape  of  the 
vessel.  X-et  h  be  the  head  and  w  the  weight  of  a  cubic  unit 
of  water;  then  at  the  depth  h  one  horizontal  square  unit 
benrs  a  pressure  equal  to  the  weight  of  a  column  of  water 
whose  height  is  h,  and  whose  cross-section  is  one  square 
unit,  or  wh.  But  the  pressure  at  this  point  is  exerted  in 
all  directions  with  equal  intensity.  The  tinit-pressure  p 
at  the  depth  k  then  is  ifjh,  and  conversely  the  depth,  or 
head*  for  a  unit-pressure  p  is  p/'W,  or 

p=-wh  h—p/w  (ll)i^ 

If  A  be  expressed  in  feet  and  p  in  pounds  per  square  foot, 
these  formulas  become,  using  the  mean  value  of  w. 

p  =62.^h  h^o.oi6p 

Thus  pressure  and  head  are  mutually  convertible,  and  in 
fact  one  is  often  use4  as  synonymous  with  the  other, 
although  really  each  is  proportional  to  the  other.     Any 
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unit-pressure  p  can  be  regarded  as  produced  by  a  heM  k, 
which  is  frequently  called  the  "  pressure  head." 

In  engineering  work  p  is  usually  taken  in  pounds  per 
square  inch,  while  h  is  expressed  in  feet.  Thus  the  pressure 
in  pounds  per  square  foot  is  62.  ^k,  and  the  pressure  in  pounds 
per  square  inch  is  ^^  of  this,  or 

p  =  0.4340''  ^  -  ^'304/>  (ll)i 

These  rules  may  be  stated  in  words  as  follows: 

I  feot  head  corresponds  to  0.434  pounds  per  square  inch; 
1  pound  per  square  inch  corresponds  to  a. 304  feet  head. 

These  values,  be  it  remembered,  depend  upon  the  assump- 
tion that  62.5  pounds  is  the  weight  of  a  cubic  foot  of  water, 
,aiid  hence  are  liable  to  variation  in  the  third  significant 
%ure  (Art.  4).  The  extent  of  these  variations  for  fresh 
Mter  may  be  seen  in  Table  13,  which  gives  multiples  of  the 
above  values,  and  also  the  corresponding  quantities  when 
the  cubic  foot  is  taken  as  62,3  pounds. 

The  atmospheric  pressure,  whose  average  value  is  14.7 
pounds  per  square  inch,  is  transmitted  through  water,  and 
is  to  be  added  to  the  pressure  due  to  the  head  whenever  it 
is  necessary  to  regard  the  absolute  pressure.     This  is  im- 
portant in  some  investigations  on  the  pumping  of  water, 
and  in  a  few  other  cases  where  a  partial  or  complete  vacuum 
is  produced  on  one  side  of  a  body  of  water.     For  example, 
if  the  air  be  exhausted  from  a  small  globe,  so  that  its 
tension  is  only  6-5  pounds  per  square  inch,  and  it  be  sub- 
merged in  water  to  a  defith  of  250  feet,  the  absolute  pressure 
per  square  inch  on  the  globe  is 

/> -0,434X250 +  14-7  =  123.2  pounds 

and  the  resultant  effective  pressure  per  square  inch  is 

^  —  123,2  —  6.5  —  116.7  pounds. 

Unless  otherwise  staled,  however,  the  atmospheric  pressure 
need  not  be  regarded,  since  under  ordinary  conditions  it 
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acts  With  equal  intensity  upon  both  sides  of  a  submerget 
surf  aw. 

Prob,  \\a.  How  many  feet  head  correspond  to  a  pressure] 
of  loo  jjounils  per  square  inch?  How  many  puumls  per  aquarol 
inth  c;qTTe5ponil  to  a  head  of  ajo  feet? 

Prob.  11''.  Tn  the  first  diagram  of  Fig.  lOa  tbe  dianieterl 
of  ,U'  is  }  inches  and  thai  of  EC  is  ta  inches.  Compute  the| 
tola!  prefisure.on  the  base  if  the  heights  AC  and  CB  be  3  and] 
2  feet. 

Art.  12.     Loss  op  Weight  in-  Water 

It  is  a  familiar  fact  that  bodies  submerged  in  water  lose 
part  of  their  weight :  a  man  can  carry  lixider  water  a  large 
stone  which  would  be  difticult  to  lift  in  air  And  timber 
when  submerged  has  a  negative  weight  or  tends  to 
to  the  surface.  The  following  is  the  law  of  loss  which  w 
discovered  by  Archimedes,  about  350  bx,,  when  considering 
the  problen;  of  Ki:ig  Hiero's  crown: 

Tbe  weight  of  a  body  submerged  ia  water  i%  Jws  than 
its  weight  in  air  by  the  weight  of  a  volume  of  water  equal 
to  that  of  the  body. 

To  demonstrate  this,  consider  that  the  suhmerged  bod' 
is  acted  upon  by  the  water  pressure  in  all  directions,  aodj 
that  the  horiaootal  components  of  these   pressures  mi 
balance,     Any  vertical  elementary  prism   is  subjected  tol 
an  upward  pressure  upon  ita  basti  which  is  greater  than  the] 
downward  pressure  upon  its  top,  since  these  pressures 
due  to  the  heads.     Let  ft^  he  the  head  on  the  top  of 

elementary  prism  and  h^  that  on  its  basej 

5:^^^^^^$^  and    a    the    cross-section    of   the    prism 
then  the  downward  pressure  is  'il'ah^  ai 
the  upward  pressure  is  ^'ii/;,.     The  differ- 
ence  of  these,  wa(h^  —  h^)  is  the  resultanl 
upward  water  presj^ure,  ami  this  is  equal 
^^'^'  ^^  to  the  weight  of  a  column  of  water  who? 

cross-section  is  a  and  whose  height  is  that  of  the  elementa 
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prism.  Extending  this  theorem  to  all  the  elementary 
prisms,  it  is  concluded  that  the  weight  of  the  body  in  water 
is  Tess  than  its  weight  in  air  by  the  weight  of  an  equal 
volume  of  water. 

It  is  important  to  regard  this  loss  of  weight  in  construc- 
tions under  water.  If,  for  example,  a  dam  of  loose  stones 
allows  the  water  to  percolate  through  it,  its  weight  per 
cubic  foot  Ts  less  than  its  weight  in  air,  so  that  it  can  be 
more  easily  moved  by  horizontal  forces.  As  stone  weighs 
about  150  pounds  per  cubic  foot  in  air,  its  weight  in  water 
is  only  about  150  —  62  -^SB  pounds  per  cubic  foot.  If  a 
cubic  foot  of  sand,  having  voids  amounting  to  40  percent 
ctf  its  volume,  weighs  110  pounds,  its  loss  of  weight  in  water 
is 0.60x62.5  =37.5  i>ounds,  so  that  its  weight  in  water  is 
^^°-37S  =  72^5  pounds- 

The  ratio  of  the  weight  of  a  substance  to  that  of  an 
equal  volume  of  water  is  called  the  specific  gravity  of  the  \ 

substance,  and  this  is  easily  computed  from  the  law  of 
Archimedes  after  weighing  a  piece  of  it  in  air  and  then  in 
n-ater;  or,  if  tv  be  the  weight  of  a  cubic  unit  of  water  and 
1^  the  weight  of  a  cubic  imit  of  any  substance,  the  ratio 
it"*/^  IS  the  specific  gravity  of  the  substance, 

Prob- 12.  A  box  containing  3.17  ruhic  feet  weighs  19.^ 
pounds  when  empty  and  1^3  5  when  filled  with  sand.  It  is 
then  found  that  29.7  pounds  of  water  can  he  poured  in  before 
overflow  occurs.  Show  tliat  the  perccntajje  of  voids  m  the 
sand  is  40.6,  that  the  specific  gravity  of  the  sand  mass  is  1.56, 
and  that  the  specific  gravity  of  a  grain  of  sand  is  2,65. 

Art,  1.1.     Depth  of  Flotation 

When  a  body  floats  uptin  water  it  is  sustained  by  an 
upward  pressure  of  the  water  equal  to  its  own  weight,  and 
this  pressure  is  the  same  as  the  weif-ht  of  the  volume  of 
water  displaced  by  the  body,  Ix't  W  be  the  weight  of 
the  floating  body  in  air,  and  W  be  the  weight  of  the  dis- 
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placed  water;  then  W  =W.  Now  let  z  be  the  depth  of 
flotation  of  the  body;  then  to  find  its  value  for  any  par- 
ticular case  W  is  to  be  expressed  in  terms  of  the  linear 
dimensions  of  the  body,  and  W  in  terms  of  the  depth  of 
flotation  s. 

For  example,  a  cone  which  weighs  is/  pounds  per  cubic 
foot  floats  with  its   base  downward,  its  altitude   being  d 

and  the  radius  of  its  base  b.  The 
weight  of  the  floating  cone  is 

and  the  weight  of  the  displaced 
water  is  that  of  a.  frustum  of  the 
altitude  s,  or 


Fig,  13a 


Equating  these  values  and  solving  for  s  gives 
Z'-d-df 


which  is  the  depth  of  flotation.     Here  tu'/w  is  the  specific 
gravity  of  the  floating  btxiy. 

To  And  the  depth  of  flotation  for  a  cylinder  lying  hori- 
zontally, let  n''  be  its  weight  per  cubic  unit,  /  its  length,, 
and  r  the  radius  of  its  cross- 
section.  The  depth  of  flota- 
tion is  DE.  or  if  0  he  the 
angle  ACE, 

^  =  (1  —co56)r  [^^ 

The  weight  of  the  cylinder  is    -- 
and  that  of  the  displaced  water  is 


Fig.  13b 


W  "{r'^rcd—r^  sintf  cosi?)i.w 
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Equating  the  values  of  W  and  W,  and  substituting  for 
sin©  costf  its  equivalent  J  sinatf,  there  results 

in  which  j  represents  the  ratio  w'/w  or  the  specific  gravity 
of  the  material  of  the  cylinder.  From  this  equation  & 
is  to  be  found  by  trial  for  any  particular  case,  and  then  3 
is  computed.  For  example,  if  it/ =26.5  pounds  per  cubic 
foot,  then  s  is  0.424.  and 

2  arcfl  —  sinzS  — 2.664  =  0 

To  solve  this  equation,  values  are  to  be  assumed  for  6, 
until  one  is  found  that  satisfies  it ;   thus  from  Table  52, 

for  ^  —  83*        2.897—0.242  —  2.664=  —0,009 
forfl-=83l    ^   2.906  — 0.234- 2.664  = +0.008 

Therefore  &  lies  between  83**  and  83**  15',  and  is  probably 
about  83^  8'.  Hence  the  depth  of  flotation  is  3^  (i  —  o.i2o)r 
=  o,8Sr,  or  if  the  diameter  be  one  foot  the  depth  of  flota- 
tion is  0,44  feet. 

PTob.  13j.  Show  that  the  depth  of  flotation  for  a  sphere 
of  radius  r  is  one  of  the  positive  roots  of  the  cubic  Equation 
s*  — 3rc'  +  4Hj  =  o.  If  the  diameter  of  a  sphere  is  2  feet  and 
its  specific  gravity  0-65,  find  the  depth  c. 

Prob.  136.  A  wooden  stick  ij  inches  square  and  10  feet  long 
is  to  be  used  for  a  velocity  float  which  is  to  stand  vertically  m 
the  water.  How  many  square  inches  of  sheet  lead  ^  inch 
thick  n^ust  be  tacked  on  the  sides  of  this  stick  so  that  only  4 
inches  will  project  above  the  water  surface  P  The  wood  weighs 
^7  and  the  lead  710  pounds  per  cubic  foot. 

Art.  14.     Stability  of  Flotatiofj 

The  equthbrium  of  a  floating  body  is  stable  when  it 
returns  to  its  primitive  position  after  having  been  slightly 
moved  therefrom  by  extraneous  forces,  it  is  indifferent 
■when  it  floats  in  any  position,  and  it  is  unstable  when  the 
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slightest  force  causes  it  to  leave  its  position  of  flotation. 
For  instance,  a  short  cylinder  with  its  axis  vertical  floats 
in  stable  equilibrium,  but  a  long  cylinder  in  this  position 
is  unstable,  and  a  slight  force  causes  it  to  fall  over  and  float 
with  its  axis  horizontal  in  indifferent  equilibrium.  It  is 
evident  that  the  equilibrium  is  the  more  stable  the  lower 
the  center  of  gravity  of  the  body. 

The  stability  depends  in  any  case  upon  the  relative 
position  of  the  center  of  gravity  of  the  body  and  its  center 
of  buoyancy,  tbe  latter  being  the  center  of  gravity  of  the 

displaced  water.  Thus  in  Fig_ 
14  let  G  be  the  center  of  gravity 
of  the  body  and  let  C  be  its 
center  of  buoyancy  when  in  an 
upright  position.  Now  if  an  ex- 
traneous force  causes  the  body 
to  tip  into  the  position  shown, 
the  center  of  gravity  remains 
at  6",  but  the  center  of  buoyancy  moves  to  D.  In  this  new^ 
positiijn  of  the  body  it  is  acted  upon  by  the  forces  ir'  and 
W ,  which  arc  equal  and  parallel  but  opposite  in  direction- 
These  forces  form  i\  couple  which  tends  either  to  restore 
the  biJtly  to  the  upright  position  or  to  cause  it  to  deviate 
farther  from  that  position.  Let  the  vertical  through  D 
be  prcK^uced  to  meet  the  center  line  CG  in  }it.  If  }il  is 
iilicive  ^/  the  equilibrium  is  stable,  as  the  forces  H'  and  W' 
ten<l  tit  restore  it  to  its  primitive  position;  if  ^l  coincides 
with  {/  the  equilibrium  is  indifferent;  and  if  jV  be  below- 
ii  the  equilibrium  is  unsliible. 

The  piint  .U  is  called  the  'mcLiccnter/  and  the  theorem 
may  l>c  stateil  that  the  equilibrium  is  stable,  indifferent,  cw 
unstable  according  as  the  mctacenlcr  is  above,  coincident 
with,  or  below  the  center  of  gravity  of  the  body.  Tbe 
measure  *'f  the  stability  of  a  stable  floating  body  is  the 
moment  of  the  couple  formed  by  the  forces  W  and  W\ 
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But  GM  is  proportional  to  the  lever  arm  of  the  couple»  and 
hence  the  quantity  WxGM  may  be  taken  as  a  measure  of 
stability.  The  stability,  therefore,  increases  with  the  weight 
of  the  body,  and  with  the  distance  of  the  metacenter  above 
the  center  of  gravity,     (See  Art.  180.) 

The  most  important  application  of  these  principles  is 
in  the  design  of  ships,  and  usually  the  problems  are  of  a 
complex  character  which  can  only  be  solved  by  tentative 
methods.  The  rolling  of  the  ship  due  to  lateral  wave  action 
must  also  receive  attention,  and  for  this  reason  the  center 
of  gravity  should  not  be  put  too  low. 

Pfob.  14.  A  square  prism  of  unifonn  specific  gravity  $ 
h^s  the  length  k  and  the  cross-section  5'.  When  placed  in 
wat«r  with  its  axis  vertical,  show  that  it  is  in  stable,  indifferent, 
or  unstable  equilibrium  according  as  6*  is  greater,  equal  to, 
or  less  than  6Ji'j(i  —s).  When  placed  with  its  axis  at  an  incli- 
nation of  45*^,  show  that  it  will  assume  the  vertical  or  horizontal 
position  according  as  fc'  b  greater  or  less  than  4h^s{L—s). 


Art.  15.     Normal  Pressure 

The  total  normal  pressure  on  any  immersed  surface  may 
be  found  by  the  following  theorem: 

The  total  normal  pressure  is  equal  to  the  product  of  the 
weight  of  a  cubic  unit  of  water,  the  area  of  the  surface, 
and  the  head  on  its  center  of  gravity. 

To  prove  this  let  A  be  the  area  of  the  surface,  and  imagine 
it  to  be  composed  of  elementary  areas,  a^,  a^.  a,,  ete.^  each 
of  which  is  so  small  that 
the  unit -pressure  over  it 
may  be  taken  as  -uniform ; . 


let  A,.  /',.  A|r  otc.,  be  the 
heads  on  these  elementary 
amas,  and  let  iv  denote 
the  weight  of  a  cubic  unit 
of  water.     The  unit-pressures  at  the  depths  h,,  h^,  h^.  etc.. 


Fig,  15 
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are  wk^,  wh^,  wh^,  etc.  (Art.  11),  and  hence  the  normal 
pressures  on  the  elementary  areas  a^p  a^,  a„  etc.,  are  luiI^h^J 
wajtj,  wajt^.  etc.  The  total  normal  pressure  P  on  the 
entire  surface  then  is 

P=Ti-(fl^A^+a^,4-Vi+etc,) 

Now  let  /i  be  the  head  on  the  center  of  gravity  of  the  sur- 
face; then,  from  the  definition  of  the  center  of  gravity, 

Therefore  the  normal  pressure  is 

P=wAh  (15) 

-which  proves  the  theorem  as  stated. 

This  rule  applies  to  all  surfaces,  whether  plane,  curved, 
or  warped,  and  however  they  be  situated  with  reference  to 
the  water  surface.  Thus  the  total  normal  pressure  upon 
the  surface  of  an  immersed  cylinder  remains  the  same  what- 
ever be  its  position,  provided  the  depth  of  the  center  of 
gravity  of  that  surface  be  kept  constant.  It  is  best  to  take 
h  in  feetj  A  in  square  feet,  and  if  as  62,5  pounds  per  cubic 
foot!  then  P  will  be  in  pounds.  In  case  surfaces  are  given 
whose  centers  of  gravity  are  difficult  to  determine,  they 
should  be  divided  into  simpler  surfaces,  and  then  the  total 
normal  pressure  is  the  sum  of  the  normal  pressures  on  the 
separate  surfaces. 

The  nonnal  pressure  on  the  base  of  a  vessel  filled  with 
water  is  equal  to  the  weight  of  a  cylinder'  of  water  whose 
base  is  the  base  of  the  vessel,  and  whose  height  is  the  depth 
of  water.  Only  in  the  case  of  a  vertical  cylinder  does  this 
become  equal  to  the  weight  of  the  water,  for  the  pressure 
on  the  base  of  a  vessel  depends  upon  the  depth  of  water  and 
not  upon  the  shape  of  the  vessel.  Also  in  the  case  of  a  dam, 
the  depth  of  the  water  and  not  the  size  of  the  pond  deter- 
mines the  amount  of  pressure. 
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When  a  surface  is  plane  the  total  normal  pressure  is 
the  resultant  of  all  the  parallel  pressures  acting  upon  it. 
This  is  not  true  for  curved  surfaces,  for,  as  the  pressures 
have  different  directions,  their  resultant  is  not  equal  to 
their  numerical  sum,  but  must  be  obtained  by  the  rules  for 
the  composition  of  forces.  For  example,  if  a  sphere  of 
diameter  d  be  filled  with  water  the  total  normal  pressure  as 
found  by  the  formula  (15)  is 

tut  the  resultant  pressure  is  nothing,  for  the  elementary 
normal  pressures  act  in  all  directions  so  that  no  tendency 
to  motion  exists.  The  weight  of  water  in  this  sphere  is 
la-^",  or  one  third  of  the  total  normal  pressure,  and  the 
direction  of  this  is  vertical. 

Prob.  15a.  A  board  3  feet  wide  at  one  end  and  3,5  feet  wide 
at  the  other  end  is  S  feet  long.  What  is  the  normal  pressure 
apon  each  of  its  sides  when  placed  vertically  in  water  with  the 
narrow  end  in  the  surface? 

Prob,  156.  An  ellipse,  with  major  and  minor  axes  equal  to 
13  and  8  feet,  is  submerged  so  that  one  extremity  of  the  major 
2JEis  is  3.5  and  the  other  B.5  feet  below  the  water  surface.  Show 
that  the  normal  pressure  on  one  side  is  2S  300  pounds- 

Art-  16.     Phessure  in  a  Given  Direction 

The  pressure  against  an  immersed  plane  surface  in  a 
given  direction  may  be  found  by  obtaining  the  normal 
pressure  by  Art,  15  and  computing  its  component  in  the 
required  direction,  or  by  means  of  the  following  theorem: 

The  horizontal  pressure-on  any  plane  surface  is  equal 
to  the  normal  pressure  on  its  vertical  projection;  the 
vertical  pressure  is  equal  to  the  normal  pressure  on  its 
horizontal  projection;  and  the  pressure  in  any  direction  is 
equal  to  the  normal  pressure  on  a  projection  perpendicular 
to  that  direction. 
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To  prove  this  let  ^  be  the  area  of  the  given  surface^  repre- 
sented by  -4.-1  in  Fig.  16ti,  and  P 
the  normal  pressure  upon  it,  or 
P=wAh.  Now  let  it  be  requinsd 
to  find  the  pressure  P'  in  a  direction 
making  an  angle  6  with  the  nor- 
mal to  the  given  plane.  Draw 
Flo.  iBa  A'.V   perpendicular   to   the   direc- 

tion of  P',  and  let  A'  be  the  area 

of  the  projection  of  A  upon  it.     The  value  of  P'  then  is 

P'  =P  cos^  =wAh  cos^ 

But  A  cosi?  is  the  value  of  A'  by  the  construction.    Hence 

P'~wA'h  (16) 

and  the  theorem  is  thus  demonstrated. 

This  theorem  does  not  in  general  apply  to  curved  sur- 
faces. But  in  cases  where  the  head  of  water  is  so  great  that 
the  pressure  may  be  regarded 
as  uniform  it  is  also  true  for 
curved  surfaces.  For  instance, 
consider  a  cylinder  or  sphere 
subjected  on  every  elementary 
area  to  the  unit-pressure  p  due 
to  the  high  head  h.  and  let  it 
be  required  to  find  the  pressure 
in  the  direction  shown  by  q^,  q^, 
and  17,  in  Fig.  I6b.  The  pres- 
sures p^.  pj,  />j.  etc.,  on  the  elementary  areas  a,,  a,,  a,,  etc^ 
have  the  values 

Pi  =P<^i7     Pi  ^P^j.     p^  =pa^.     etc., 

and  the  components  of  these  in  the  given  direction  aro 

q^-pa^cosd^,     qj-po,cosd,,     ?,-^a,costf»,  etc.. 


Fig.  16ft 
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"wbence  the  total  pressure  /"  in  Ihe  given  dirtcticii  is 

Bui  the  quantity  in  tlie  parentheses  is  the  pn^jecticm  of 
ilie  gi^'^^n  surface  upon  a  plane  pcrpondicular  to  the  given 
direction,  or  MN.     Hence  there  results 

P'-/»XareaAW 

which  5s  the  same  nile  as  for  plane  surfsccs. 

F*jr  the  case  of  a  water  pipe  let  p  he  the  interior  pressure 
per  square  inch,  /  ils  thickness,  and  d  its  diameter  in  indies. 
Then  for  ii  len^h  of  one  inch  the  hnce  tending  to  rupture 
the  pipe  longitudinally  is  pd.  The  tensile  unit-stress  S 
in  the  walla  of  the  pipe  acting  over  the  area  7t  constitutes 
the  resisting  force  3tS.  Aa  these  forces  are  equal,  it  foUows 
that  2Si-=pd  is  the  fundamental  equation  for  the  Jiscus- 
sion  of  the  strength  of  water  pipes  under  static  water 
pr^ssui^.  For  example,  if  the  tensile  strength  of  cast  iron 
IxT  lo  ooo  pounds  per  square  inch,  Ihe  pressure  ^  retioired 
to  burst  a  pipe  34  inches  in  diameter  and  0,75  inches  thick 
is  1950  pounds  per  square  inch,  which  corresponds  to  a 
head  of  iSSd  fett. 

Prob,  ]Ga.  A  circular  plate  3  feet  In  diameter  is  immersed 
#0  ihut  the  head  on  its  tenter  is  i3  feel,  its  plane  making  an 
angle  of  37"  with  the  vertical.  Compute  the  horiaonial  acd 
v^rttcal  pressures  upon  one  side  of  tt^ 

I»ro!>.  16^-  Wha-t  thoulJ  be  the  thickness  of  a  water  pipe 
ifl  mohes  in  diameter  in  order  that  xhe  tensile  unit-stress  in 
k  nwy  b«  1600  pnund^  per  square  inch  when  under  a  head  of 
water  of  '3^  f«i^ 


Art,  17,     Cekteh  op  Pressure  on  Rbctangles 

TTie  ce-nt^r  of  pressure  on  a  surface  immersed  in  water 
s  the  point  ol  application  ol  the  resultant  of  all  the  nor- 
mal pressures  upon  it.     The  simplest  case  is  the  foEowing: 
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If  a  rectangle  be  placed  with  one  end  in  the  w^ter  sur- 
face, the  center  of  pressure  is  distant  from  that  end  two 
thirds  of  its  length. 

This  tKeorem  will  be  proved  by  the  help  of  the  graph- 
ical illustration  shown  in  Fig.  17a.      The  rectangle^  which 

in  practice  might  be  a  boards 
is  placed  with  its  breadth  per- 
pendicular to  the  plane  of  the 
drawing,  so  that  AB  repre- 
sents its  edge.  It  is  required 
to  find  the  center  of  pressure 
C.  For  any  head  h  the  unit- 
pressure  is  wh  {Art.  15),  and 
hence  the  xinJt-pressures  on 
one  side  of  AB  may  be  graphically  represented  by  arrows 
which  form  a  triangle.  Now  if  a  force  P  equal  to  the  total, 
pressure  is  applied  on  the  other  side  of  the  rectangle  to 
balance  these  unit-pressures,  it  must  be  placed  opposite 
to  the  center  of  gravity  of  the  triangle.  Therefore  AC 
equals  two  thirds  of  AB,  and  the  rule  is  proved.  The 
head  on  C  is  evidently  also  two  thirds  of  the  head  on  B. 

Another  case  is  that  shown  in  Fig.  176,  where  the  rect- 
angle, whose  length  is  B,^^,  is  wholly  immersed,  the  head 
on  B^  being  A,,  and  on  B,  a 
being  ftj.  Let  AB^=\, 
AC  ~y.  and  AB  J -^b^.  Now 
the  normal  pressure  P^  on 
AB^  is  applied  at  the  dis- 
tance Ib^  from  -4,  and  the 
normal  pressure  P^  on 
ABj  is  applied  at  the  distance  Jfc,  from  A.  The  normal 
pressim;  P  on  B^B^  is  the  diiTerente  of  P^  and  P^,  or  P  — 
P^—P^.     Also  by  taking  moments  about  -4  as  an  axis, 


Fig.  176 


PXyP.XlK-P.Xib, 
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Kow,  by  Art.  15,  the  normal  pressures  P^  and  P^  for  a  rect- 
angle one  unit  in  breadth  are  P^^^whji^  and  P^  =  iwbji^, 
whence  the  total  normal  pressure  is  P  "  iw(bjij  —  b^h^),  and 
accordingly  the  center  of  pressure  is  given  by 


b,\-b,\ 
y-^  b^,^b\k^ 


Now  if  fl  be  the  angle  of  inclination  of  the  plane  to  the 
water  surface  the  values  of  h^  and  h^  are  ft,  sintf  and  6,  sinff. 
Accordingly  the  expression  becomes 

y-\-^%  (17). 

Again,  if  A'  be  the  head  on  the  center  of  pressure,  y  — 
h'  ccys^cd,  ft,  '=h^  cosecS,  and  b^  =h^  cosec^.  These  inserted 
in  the  last  equation  give 

"       3V-V  ""' 

These  formulas  are  very  convenient  for  computation,  as 
the  squares  and  cubes  may  be  taken  from  lablcs. 

If  h^  equals  A,  the  above  formula  becomes  indeterminate, 
which  is  due  to  the  existence  of  the  common  factor  h^  —  h^ 
in  both  numerator  and  denominator  of  the  fraction;  divid- 
ii^  out  this  common  factor,  it  becomes 

frcMn  which,  if  A,  =Aj=Jj,  there  is  found  the  result  h' =h, 

Piob-  17a.  In  Fig,  17a  let  the  length  of  AB  be  8  feet  and 
its  inclination  to  the  vertical  be  30  degrees.  Find  the  depth 
of  the  center  of  pressure. 

pTob,  I7b^  A  rectangle  8  feet  long  is  immersed  in  water  with 
its  ends  parallel  to  the  surface,  the  head  on  one  end  being  7  feet 
and  that  on  the  other  5  feet.  Find  the  head  on  the  center  of 
ptCKore,  and  also  the  value  of  R 
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of  tphe  surface  by  its  distance  from  the  axis,  which  is  called 
the  statical  moment  of  the  surface.     Therefore 

moment  of  inertia  _  /^ 
^~   statical  moment        S 

is  the  general  rule  for  finding  the  position  of  the  center  of 
pressure  of  an  immersed  plane  surface. 

The  statical  moment  of  a  surface  is  simply  its  area  miil- 
tiplied  by  the  distance  of  its  center  of  gravity  from  the  given 
axis.  The  moments  of  inertia  of  plane  surfaces  with  refer- 
ence to  an  axis  through  the  center  of  gravity  are  deduced 
in  works  on  theoretical  mechanics;  the  following  are  a 
few  values,  the  axis  being  parallel  to  the  base  of  the  rect- 
angle or  triangle: 

for  a  rectangle  of  base  b  and  depth  d.  I  =  '^bd' 
for  a  triangle  of  base  b  and  altitude  d,  I=^'^bd^ 
for  a  circle  with  diameter  d.  J=^.^^(J* 

To  find  from  these  the  moment  of  inertia  with  reference  to 
a  parallel  axis,  the  well-known  formula  I'—I'^Ak'  is  to 
be  used,  where  A  is  the  area  of  the  surface,  k  the  distance 
from  the  given  axis  to  the  center  of  gravity  of  the  sur- 
face, and  /'  the  moment  of  inertia  required- 

For  example,  let  it  be  required  to  find  the  center  of 
pressure  of  a  vertical  circle  immersed  so  that  the  head  on 
its  center  is  equal  to  its  radius.  The  area  of  the  circle  is 
Jrrti^  and  its  statical  moment  with  reference  to  the  upper 
€dge  is  iizd^Xid.     Then  from  (4) 

or  the  center  of  pressure  is  at  a  distance  \d  below  the  cen- 
ter of  the  circle. 

Prob,  18,  Find  the  center  of  pressure  for  the  triangle  iu 
Fig.  \'Aa  when  its  vertex  ia  in  the  water  surface.     Also  the  ceoti 
of  pressure  when  the  base  is  in  tlie  surface. 
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Art.  19.     Prbssurb  on  Gates  and  Dams 

In  the  case  of  an  immersed  plane  the  water  presses 
equally  upon  both  sides  so  that  no  disturbance  of  the 

equilibrium  results  from  the  pres- 
sure. But  irt  case  the  water  is 
at  different  levels  on  opposite  sides 
of  the  surface  the  opposing  pres- 
sures are  unequal.  For  example,  the 
cross -set.'tion  of  a  self-acting  tide- 
]^  [  _^  gate,  built  to  drain  a  salt  marsh  is 
shown  in  the  figure.  On  the  ocean 
side  tliere  is  a  head  of  h^  above  the 
sill,  which  givcfe  for  every  linear  foot 
of  the  gate  the  horizontal  pressure 

which  is  applied  at  the  distance  ih^  above  the  sill  On. 
the  other  side  the  head  on  the  sill  is  /:„  which  gives  the  hori- 
zontal pressure  P,  =  iit'//,^  acting  in  the  opposite  direction 
to  that  of  P|,     The  resultant  horizontal  pressure  is 

and  if  z  he  the  distance  of  the  point  of  application  of  P 
above  the  sill,  the  equation  of  moments  is 

from  wliich  z  can  be  computed.  For  example,  if  h^  be 
7  feet  and  //,  be  4  feet  the  resultant  pressure  on  one  linear 
foot  of  the  ^,'ite  is  found  to  be  103 1  pounds  and  its  point 
of  application  lu  be  2. 82  feet  above  the  sill.  T)ie  action 
of  this  gate  in  resisting  the  water  pressure  is  like  that  of  a 
beam  under  its  load,  the  two  points  of  support  being  at 
the  sill  and  the  hinge.  If  h  be  the  height  of  the  gate,  the 
reaction  ;jt  the  hijige  is  Fz/h  and  from  the  above  expres- 
sion for  P::  it  is  seen  that  tliis  reaction  has  its  greatest  value 
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when  /i,  becomes  equal  to  h  and  hj  is  zero.  Tn  the  case 
of  the  vertical  gate  of  a  canal  lock,  which  swings  horizon- 
tally like  a  door,  a  similar  problem  arises  and  a  similar 
conclusion  results- 

When  the  water  level  behind  a  masonry  dam  is  lower 
than  its  top.  as  in  Fig.  I9b,  the  water  pressure  on  the  back 
is  normal  to  the  plane  AB,  and  this  may  be  resolved  into 
borizontal  and  vertical  components.     The  horizontal  com- 
ponent is  the  only  one  usually  necessary  to  be  considered, 
and  this  will  be  called  P,  and  its  distance  above  the  base 
of  the  dam  will  be  called  p.     From  Arts.  16  and  17  the 
values  of  these,  for  one  linear  foot  of  the  dam,  are 

in  which  h  is  the  height  of  the  dam  and  tu  the  weight  of  a 
cubic  unit  of  water.  The  horizontal  water  pressure  is  hence 
independent  of  the  slope  of  the  back  of  the  dam.  The 
normal  pressure  on  the  back,  however,  is  ^wh'  seed,  its 
horizontal  component  being  ^wk^  and  its  vertical  com- 
ponent jit'/i'tantf. 

When  the  water  runs  over  the  top  of  the  dam  as  in 
Fig,  19c,  let  h  be  the  height  of  the  dam  and  d  the  depth  of 
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water  on  the  cresL     Then  by  Art.  It*  the  horizontal  pres- 
sure against  the  back  is 

and  by  Art.  17  the  vertical  distance  of  its  point  of  applica- 
tion above  the  base  BD  is  found  to  be 
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If  d=o.  these  expressions  become  P-iwh^  and  p  =  ih. 
If  d  is  infinite,  the  valtie  of  p  T^tecomes  j/^  and  hetice  in  no 
case  ran  tlte  pressure  P  be  applied  as  high  as  the  middle 
of  tlie  heiglU  of  the  dam- 

IL  is  not  the  plac-e  liere  to  enter  into  the  discussion  of 
the  subject  of  the  design  of  masonry  dams,  but  two  ways 
in  which  they  are  liable  to  fail  may  be  noted.  The  first 
is  that  of  sliding  along  a  horizontal  joint,  as  BD\  here  the 
horizontal  component  of  the  thmst  overcomes  the  resist- 
ing force  of  friction  acting  along  the  joint,  If  W  be  the 
weight  of  masonry  above  the  joint,  and  /  the  coefficient 
of  friction,  the  resisting  friction  is  ^W,  and  the  dam  will 
slide  if  the  horiswntal  component  of  the  pressure  is  equal 
to  or  greater  than  this.  The  condition  for  fadure  by  slid- 
ing then  is  P-fll',  For  example,  consider  a  masonry 
dam  of  rectangular  cross-section  which  is  4  f^^  wide  and 
h  feet  high,  the  water  being  level  with  its  top.  Let  its 
weight  per  cubic  foot  be  140  poimds.  and  let  it  be  required 
to  find  t]ie  height  h  for  which  it  would  fail  by  sliding  alarf^ 
the  base,  the  ct«flicient  of  friction  bein^  0,70,  The  hori- 
zontal water  pressure  is  i  XfiJ.5  X^'  and  the  resisting  fric- 
tion is  o.7Xi4oX4></i'  Placing  these  equal  there  is  found 
A  =  i3.5  feet. 

The  second  method  of  failure  of  a  masonry  d*am  is  by 
ovcrtTimiTig,  or  by  r>:>taung  about  the  toe  D.  This  occurs 
when  the  moment  of  P  equals  the  moment  of  W  with 
respect  to  D,  or  if  />  and  q  are  the  lever  arms  dropped  from 
D  upon  the  directions  of  P  and  \V  the  condition  for  failure 
by  rotation  is  Pp^Wq.  For  example,  if  it  be  required 
to  find  llie  height  of  the  above  rectangular  dani  so  tliat 
it  will  fail  by  rotation,  the  le\'er  arms  p  and  q  are  \h  and 
2  feetj  and  the  equation  of  moments  with  respect  to  an 
axis  through  the  toe  of  the  dam  is 

1X63.5  Xft'Xj/^-r4oX4X^Xz 
from  which  there  is  found  h^xo.^  feet.     The  horizontal 
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^-ater  pressure  for  one  linear  foot  of  the  dam  at  the  instant 
of  failure  is  i!L'/("  =  338o  pounds. 

Prob- 19.  A  water  pipe  passing  through  a  masonry  dam  is 
closed  by  a  cast-iron  circular  valve  AB,  which  is  hinged  at  A, 
and  which  can  be  raised  by  a  vertical 
chain  BC.  The  diameter  of  the 
valve  is  3  feet>  its  plane  makes  an 
angle  of  a?"  with  the  vertical,  and 
the  depth  of  its  center  below  the 
water  level  is  12  feet.  Compute  the 
normal  water  pressure  P,  and  the 
distance  of  the  center  of  pressure 
*  from  the  hinge  A .  Disregarding  the 
weight  of  the  valve  and  chain,  com- 
pute  the  force  F  required  to  open 

Ihe  valve.      If  the  weight  of  the  chain  is  35  pounds  and  that 
ot  the  valve  240  pounds,  compute  the  force  F. 

Art.  20.     Hydrostatics  in  Metric  Measures 

(Art,  11)  If  the  head  h  be  in  meters  and  the  imit- 
pressure  ^  be  in  kilograms  per  square  meter,  the  formulas 
[Il)i  become 

p  —  looo/i  h  — o-ooip 

In  engineering  practice   p  is  usually  taken  in  kilograrns 
per  square  centimeter,  while  h  is  expressed  in  meters.     Then 

p=^o.ih  h  =  iQp  (20) 

Stated  in  words  these  practical  rules  are: 

I  meter  head  corresponds  to   0,1   kilogram   per  square 
centimeter; 

I   kilogram    per   square    centimeter   corresponds   to   10 
meters  head. 

These  values  depend  upon  the  assumption  that  1000 
kilograms  is  the  weight  of  a  cubic  meter  of  water,  and 
hence  results  derived  from  them  are  liable  to  an  uncertainty 
in  the  third  or  fourth  significant  figure  as  Table  14  shows. 
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The  atmospheric  pressure  of  1.033  kibgrams  per  square 
ceiniiriL'tor  is  to  be  added  to  the  pressure  due  to  the  head 
whenever  il  is  necessary  to  regard  tlie  absolute  pressure. 
For  example,  if  the  air  be  exhausted  from  a  small  globe 
so  that  its  pressure  is  only  0.3J  kilograms  per  square 
centimeter  and  it  he  stibmergod  in  water  to  a  depth  of 
66  meters,  the  absolute  pressure  per  square  centimeter 
on  the  globe  is  0,1  x86  +  1-033  -Q.633  kilograms,  and 
the  resultant  effective  pressure  per  square  centimeter  is 
9,6^3-0.32=9.313  kilograms, 

(Art.  12)  Tlie  specific  gravity  of  a  substance  is  ex- 
pressed by  the  same  number  as  the  weight  of  a  cubic 
centimeter  in  grams,  or  the  weight  of  a  cubic  decimeter  in 
kilograms,  or  the  weight  of  a  cubic  meter  in  metric  tons. 
Thus,  if  the  specific  gravity  of  stone  is  2,4.  a  cubic  meter 
weighs  2.4  metric  tons  or  2400  kilograms.  A  bar  one 
square  centimeter  in  cross-section  and  one  meter  long 
contains  100  cubic  centimeters;  hence  if  such  a  steel  bar 
be  steel  having  a  specific  gravity  of  7.5,  it  weighs  790 
grams  or  0.79  kilograms  in  air,  while  in  water  it  weighs 
6go  grams  or  0.69  kilograms. 

(Art.  15)  Here  h  is  to  be  taken  in  meters,  A  m  square 
meters,  and  it'  as  1000  kilograms  per  cubic  meter;  then 
P  will  be  in  kilograms, 

(Art.  16)  For  a  water  pipe  let  P  be  the  intCTior  pres- 
sure in  kilograms  per  square  centimeter  and  d  its  diameter 
in  centimeters.  Then  for  a  length  of  one  centimeter  the 
force  tendmg  to  rupture  the  pipe  longitudinally  is  fi. 
Let  S  be  the  stress  in  kilograms  per  square  centimeter 
in  the  walls  of  the  pipe;  this  acts  over  the  area  af,  if  t 
be  the  thickness.  As  these  fomes  are  equal,  the  equation 
^5t  =  pd  is  to  be  used  for  the  investigation  of  water  pipes, 
For  example,  let  it  be  required  to  find  what  head  will 
burst  a  cast-iron  pipe  60  centimeters  in  diameter  and  a 
centimeters   thick;  the  tensile   strength  of  the  material 
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bdnj  1400  kilograms  por  square  centimeter.  Using  the 
eqiiatian  the  value  of  fj  is  iound  to  be  93,3  kilogranis  per 
(T^uarc  centimeter,  and  then,  frora  Art.  9,  the  required 
^^  ^  ^  9J3  meters. 

(Art.  19J  Consider  a  rectanguJar  masonry  dam  which 
weighs  3400  kilograms  per  cubic  meter  and  which  is  1.4 
mewra  thick.  First,  let  it  be  required  to  find  the  height 
dwiter  for  which  it  would  fail  by  sliding,  the  coeiTicient 
of  Jnciion  betrg  075,  The  honzontnl  water  pressure  is 
IXioooX^'.  and  the  resisting  friction  is  0-75X2400X 
i,4Kh:  placing  these  equal  there  is  found  ^^  =  5.04  meiers. 
Sccondly,  to  find  the  height  for  which  failure  will  occur 
by  rotation,  the  equation  of  moments  is 

from  which  there  is  found  k'=$.B^  meters.  The  horizontal 
^irater  pressure  for  one  linear  meter  of  this  dam  is  JTf/t'= 
7560  kik^jrams. 

Prob  20a.  Tn  a  hydroE^ta  tic  press  one  half  of  ametnc  horse- 
power is  applied  to  the  small  piston.  The  diameter  of  the 
lar|[c  pi^tnn  is  30  rentirnettTS  Qnd  it  moves  2  centimetcrj^  per 
nuQflie,  Show  that  the  pressure  in  the  liquid  is  ]  59  kilognims 
per  square  centimetcr. 
'  Prob.  20b.  What  is  the  specific  gravity  of  dry  hydraulic 
ttmttti  of  which  20.6  cubic  centimeters  weigh  6j.B  grams?" 
If  a  oibe  of  stoae  13.4  centimeters  on  ea^^h  edge  weighs  4.S8 
tilognms.  what  is  its  specific  gravity? 

Proh-  2(k.  la  Fig.  19ti  let  the  head  on  one  side  ol  the  gate 
i,j  and  on  the  other  side  0,6  meters  above  the  sdl.  Find 
rtsulcant  pressure  for  one  linear  meter  of  the  gate  and  the 
tace  of  Its  point  of  appUcation  above  the  sill. 
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CHAPTER  HI 
THEORETICAL  HYDRAULICS 

Art-  21,     Laws  of  Falling  Bodies 

Theoretical  Hydraulics  treats  of  the  flow  of  water  when 
imretarded  by  opposing  forces  of  friction.  In  a  perfectly 
smooth  inclined  trough  water  would  flow  with  accelerated 
velocity  and  be  governed  by  the  same  laws  as  those  for 
a  body  sliding  down  an  inclined  plane-  Such  a  flow  is, 
however,  never  found  in  practice,  for  all  surfaces  over 
which  water  moves  are  more  or  less  rough.  Friction 
retards  the  motions  caused  by  gravity  so  that  the  theoretic 
velocities  deduced  in  this  chapter  constitute  limits  which 
cannot  be  exceeded  by  the  actual  velocities.  Marybf  the 
laws  governing  the  free  fall  of  bodies  in  a  vacuum  are  sim- 
ilar to  those  of  both  theoretical  and  practical  hydraulics,' 
and  hence  they  will  here  be  briefly  discussed. 

When  a  body  is  at  rest  above  the  surface  of  the  earth. 
it  immediately  falls  if  its  support  be  removed.  If  the 
fall  occurs  in  a  vacuum  its  velocity  at  the  end  of  one 
second  is  ^  feet,  the  mean  value  of  g  being  32-16,  and  at 
the  end  of  t  seconds  its  velocity  is  V=gt.  The  distance 
passed  through  in  the  time  t  is  the  product  of  the  mean 
velocity  il^  by  the  number  of  seconds,  or  h^igi*.  Elim- 
inating t  from  these  two  equations  gives  the  well-known 
relations  between  h  and  V: 

V-VT^i       or       h  =  V'/2g:  {21)i 

which  show  that  the  velocity  varies  with  the  square  root 
of  the  height  and  that  the  height  varies  as  the  square  of 
the  velocity. 
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VtTwn  a  falling  body  has  the  initial  vulocity  u  at  the 
turning  of  ihe  lime  i  its  velocity  at  the  end  of  tliie  time 
is  V=M-\-g[  and  the  distance  passed  over  in  that  time  ia 
h^ki-t  i^i*.     Eliminating  t  from  these  equations  gives 


V  =  \/2gk  +  u^    or    k  =  (V^''U^}/3g  (21), 

as  the  relations  betw'cen  V  and  h  for  this  case.  These 
formulas  are  also  true  whatever  be  the  direction  of  the 
ini^a!  velocity  m- 

H"hen  a  body  of  weight  \V  is  at  the  height  h  above 

4  given  horizontal  plane  its  pcttential  energy  with  re- 

qifcl  to   this  platic   is   IVh.     When   it   falls   fnjm   rest   to 

■this  plane  the  potential  energy  is  changed  into  the  kinetic 

[tnergy  It'.V'/a^,  if  no  work  has  been   done  against  fric- 

il  resistance,   and  Iberefnre   V^^tgh.       If   it   has   an 

[initial  velocity  tt  in  any  direction  at  the  height  h  above 

xhv  pkine  its  energy  there  is  piirtly  j>otenliiil  and  partlv 

Idnetic,  the  sum  of  these  being  Wh  +  \V.u'/2g;  on  reaching 

the  plane  it  has  the  kinetic  energy  \VV^/2g.     Placing  these 

tqia]   there   results   V^-i^h+u^   as   fmind   above   by  an- 

^Mhtr   method.       In   general,    reasoning   from    the    etand- 

^kmt  of  energy  is  more  satisfrrctory  than  that  in  which 

^Tbe  element  of  time  is  employed. 

hThe  general  case  of  a  body  moving  toward  the  earth 
nT>Tes<mled  in   Fig.  21.      When  the  body  is  at  ,4   it  is 
■1  A  height  hi  above  a  certain  hori- 
lOQtal   plane  and   has   the   velocity 
^h.     When   it   has   arrived  at  B  its 
^Ktght  above  the  plane  is  h^  and  its 
^■JocJty  is  Vf.     In  the  first  position 
^^sum  of  its  potential  and  kinetic 
«oevg>'    *'ith   respect  to  the  given 
lC^I  plune  is 
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and  ill  the  second  position  the  sum  of  these  energies  is 

If  no  energy  has  been  lost  between  the  two  positions,  these 
two  expressions  are  equal,  and  hence 


t 

2g         '   ■    2g 


^+^.-A,  +  ^.  (21). 


This  equation  contains  two  heights  and  two  velocities, 
and  if  three  of  these  quantities  be  given  the  fourth  can  be 
found.     Thus  if  f„  /ii,  and  h^  be  given,  the  value  of  v,  is 


where  h^  —  h^  is  the  vertical  height  of  A  above  B,  With 
proper  changes  in  notation  this  expression  reduces  to  (21),, 
which  is  for  the  case  where  the  horizontal  plane  passes 
through  B,  and  to  (2I)i,  which  is  the  case  where  there  is 
no  initial  velocity. 

Prob.  21a.  A  body  is  projected  vertically  upward  with  a 
velocity  of  105  feet  per  second.  What  is  its  velocity  after  it 
has  reached  a  height  of  170  feet  above  the  initial  position? 

Prob.  2\b.  A  body  enters  a  room  through  the  ceiling  with 
a  velocity  of  150  feet  per  second,  and  in  a  direction  making  an 
angle  of  30°  with  the  vertical.  If  the  height  of  the  room  13 
14  feet,  find  the  velocity  of  the  body  as  it  strikes  the  floor, 
resistances  of  the  air  being  neglected. 

Art,  22,     Velocity  of  Flow  prom  Orifices 

If  an  orifice  be  opened,  either  in  the  base  or  ade  of  a 
vessel  containing  water,  the  water  flows  out  with  a  velocity 
which  is  greater  for  high  heads  than  for  low  heads.  Tho 
theoretic  velocity  of  fiow  is  given  by  the  following  theorem 
established  by  Torncelli  in  1644:* 

*  Del  mota  del  gravi  (Florence,  1644). 
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Tbtf  theoretic  velocity  of  flow  from  the  orifice  U  the 
wine  as  that  acquired  by  a  body  lallmg  from  rest  in  a 
vacuuoi  through  a  height  equal  to  the  head  of  water  on 

One  proof  of  this  theorem  is  by  experience.     If  a  vessel  be 

firrangpd,  as  in  the  first   tJiagraiti  oi  Fig.  22,  so  thiit  a  jet 

of  water  from  an  orifice  is 

^iirecled  vertically  upward, 

il  is  known   that   it  ni'Ver 

jattains  to  the  height  of  the 

levfl  of  the  water  in  the  ves- 

|icL  although  under  favcr- 

r^ble   conditions    it    nearly 

naches  that  level.     It  may 

Lheoce  be  inferred  that  the 

Ket  would  actually  rise  to  that  height  tvere  it  not  for  the 

TOJstance  of  the  air  and  the  friction  of  the  edges  of  the 

onfic*.     Now,  since  the  velocity  required  to  raise  a  body 

ly  to  a  certdn  lieight  is  tht^  same  as  that  ac(|uircd 

))-  it  in  falling  from  rest  througli  that  height,  it  is  regarded 

a£  fHlablished  that  the  velocity  at  the  orifice  is  that  stated 

m  the  theorem. 

The  following  proof  rests  on  the  law  of  conservation  of 
I-et.  as  in  the  second  diagram  of  Fig.  22,  the  water 
in  a  \-esseI  be  at  -4  and  let  the  f!ow  through  the 
occur  for  a  very  short  interval  of  time  during  wliich 
water  surface  desceniis  to  .4,      Let  W  he  the  weight 
water  between  the  planes  A  and  A^^  which  is  evidently 
the  ftaine  as  that  which  flows  from  the  orifice  during  the 
time  considered.     Let  W^  be  the  weight  of  water 
the  planes -4, and  B,  and  h^  the  height  of  its  center 
gravity  above  the  orifice.     Let  h  he  the  height  of  ..4 
re  the  orifice,  and  Sh  the  small  distance  between  A 
A^.     At  the  beginning  of  the  flow  the  water  in  the 
has    the    potential   energy    W^X^  +  WQi  —  ^tih)    with 
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respect  to  B.     If  V  be  the  velocity  at  the  orifice  the 
water  at  the  end  of  the  short  Jntcr\'al  of  time  has  the  ern 
WJi^-^W .V^/ig.     By  the  law  of  conservation   these  ai 
equal  if  no  entjrgy  has  bijen  expended  in  oven.'uniing  fric- 
uona.1  resistances;    thus  h  -  ^oh  =  V^/ng.      Here  dh  is  very' 
small  if  the  area  A  is  large  compared  with  the  area  of  the 
orifice^  and  thxis  1'*  =  ?^/^  which  is  the  same  as  for  a  bod' 
falling  from  rest  through  the  height  h.      Or  A  — JJ/i  may] 
be  reganjetl  as  an  a^-erage  liead  corresponding  to  an  aver- 
age velocity  V,  so  that  in  general  V'/ag  is  equal  to  thoj 
average  head  on  the  orifice. 

For  any  orifice,  therefore,  whether  its  plane  be  hori-< 
aontal,  vertical,  or  inclined^  provided  the  head  h  be  so, 
large  that  it  has  practically  the  same  value  for  all  parts; 
of  the  orifice. 

the  first  of  which  gi>-es  the  theoretic  velocity  of  flow  due] 
to  a  given  head,  while  the  secimd  gives  the  theoretic  h* 
that  will  produce  a  given  velocity.     The  tenri  "'velocity- 
head'"  will  generally  be  \ised  to  designate  the  expression 
V*/2g.  this  being  the  height  to  which  the  jet  would  rise-] 
if  it  were  directed  vertically  upward  and  there  were  tj< 
fnctional  resistances.     Using  for  j^  the  mean  value  33, i^ 
feet  per  second  per  second  (Art.  7).  these  formulas  beconii 

V  =  8.o2oV^         h=ooi5S5V*  (221 

in  which  ^  myst  be  in  feet  and  V  in  feet  per  second,  Tabl< 
15  gives  values  ol  the  velocity  1'  correspooding  to  a  giv 
head  h  and  also  values  of  the  velocity-head  k  correspond- 
ing to  a  given  velocity  V.  It  is  seen  that  small  hej 
produce  high  theoretic  velocities.  Tlie  relation  betwi 
k  and  V  is  the  same  as  that  between  the  oriinate  an< 
abscissa  of  the  common  parabola  when  the  origin  is  a1 
the  vertex.  It  may  also  be  nuted  that  the  discussion  h« 
given  applies  not  only  to  water  but  to  any  liquid;   thi 
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t-jgft  is  theoretically  true  for  alcohol  and  mercury  as 
iFtli  3S  for  water, 

Prob,  22a.  Find  from  Table  15  the  velocity  due  to  a  head 

IoJ  0.Q5  feet,  and  the  velocity-head  conv^spooding  to  a  velocity 
of  o.D  f(et  per  sccaniL 
Prob,  2at,  Compute  th«  theoretic  velocity  due  to  a  head  of 
ooA(  fwt,  and  the  velocity-head  corresponding  10  velocity  of 
ojB  feet  pet  eecond. 
AftT.  23.     Discharge  from  Small  Oriptces 
The  term  "discharge"  means  the  quantity  of  water 
^  floTving  in  one  second  from  a  pipe  or  orilice,  and.  the  letter 
By  will  desigrtato  the  theoretic  discharge,  that  is,  the  dis- 
charge a&   computed   without   considering   the   losses   due 
to  frictional  resistances.     When  all  tin*  filaments  of  water 

■  isste  from  the  pipe  or  orifice  with  the  same  velocity,  the 

■  qiuiatjty  of  water  issuing  in  one  second  is  equal  to  the 
Bvolume  of  a  prism  ha\"ing  a  base  equal  to  the  cross-section 
BvF  the  stream  aod  a  length  equal  to  the  velocity.  If  this 
Vina  be  a  and  the  theoretic  velocity  be  V.  then  Q'^aV  :s 

tbe  theoretic  discharge.     Taking  a  in  square  feet  and  V 
ia  itxX  per  second>  Q  is  cubic  feet  per  second. 

For  a  small  orifice  f:in  which   the  hf^d  ft  has  the  same 
nhie  for  all  parts  o£  the  opening,  the  theoretic  discharge  is 

g-oV-aV^  (23) 

[id  Enghsh  measures  Q^BrQ:ia\ h.     For  example,   let 

cbtular  orifice  3  inches  in  diameter   bf   under   a   head 

'  feet,  atid  let  it  he  required  to  compute  0,     Here 

^  —0,25   feet  and  from    Tahle    51   the  area  of  the 

ts  0-04909  square  feet.     From  Art,  22  tlie  theoretic 

Tly  lis  S-oaXio.5*  =  35.9y   feel  per  second.     Accord- 

jly  the  ihcoretic  discharge  is  o.o49ogX25.gg^i.?8  cubic 

second. 

above  formula   for  Q  applies  strictly  only  to  bori- 
ich  the  head  h  is  constant,  but  it 
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will  be  seen  later  thai  its  error  for  vertical  orifices  is  less 
than  one  half  o£  one  percent  when  h  Is  greater  than  double 
the  depth  oi  the  arifice.  Horizontal  orifices  are  but  little 
used,  as  it  is  more  convenient  in  practice  lo  arrange  an 
opening  in  the  side  of  a  vessel  than  iii  its  biise.  In  apply- 
ing the  above  formula  to  a  vertical  orifice,  k  is  taken  as 
the  vertical  distance  from  its  center  to  the  free-water  sur- 
face. Vertictil  orifices  wfiere  h  is  small  are  discussed  in 
Arts,  47  and  4S. 

Since  the  tlieorelic  velocity  is  always  greater  than  the 
actual  velocity,  the  theoretic  discharge  is  a  liniit  which  can 
never  be  reached  under  actuetl  conditions.  Theoretically" 
tlie  discharge  is  independent  oE  the  shape  of  the  orifice,  so 
that  a  square  orifice  of  area  a  gives  the  same  theoretic  dis*; 
charge  as  a  circular  orificr  of  area  o;  it  will  be  setn  in 
Chapter  V  that  this  is  not  quite  true  for  the  actual  dis- 
charge. 

In  this  chapter  it  is  supposed  that  the  velocity  of  a  jet 
is  the  same  in  all  parts  of  the  cross-section,  as  this  woidd 
be  the  case  if  h  has  the  same  vaJue  throughout  the  section 
were  it  not  for  the  retarding  influence  of  friction.  Actually,, 
however,  the  filaments  of  water  near  the  edges  of  the! 
orifice  move  slo\\t?r  than  those  near  the  center.  If  ^  be 
the  actual  discharge  from  any  orifice  and  v  the  mean 
velocity  in  the  area  a,  then  q—av,  or  the  equation  v—q/a\ 
may  be  regarded  as  a  definition  of  the  term,  "mean  veloc-' 
ity,  ■  *  The  tiieoretic  mean  velocity  is  Vag/i,  but  the  actuafj 
mean  velocity  is  slightly  smaller,  as  will  be  seen  in  Chap.  V,| 

Formula  (23*  may  b^  used  for  computing  h  when 
and  a  are  given,  and  it  shows  that  the  theoretic  h* 
required   to  deliver  a  given   discharge   varies  inversely  aa] 
the  square  of  the  area  of  the  orifice, 

Proh.  23-  Compute  the  theoretic  head  required  to  delii 
i8S  E^llons  cif  water  p<?r  minute  through  an  orifice  3  inches  ia] 
diameter.     Compute  also  the  theoretic  velocity. 
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Art,  24.     Flow  under  Pressure 

The  level  of  water  in  the  reservoir  and  the  orifice  of 
outflow  have  been  thus  far  regarded  as  subjected  to  ro 
pressure,  or  at  least  only  to  the  pressure  of  the  atmos- 
phere which  acts  upon  both  with  the  same  mean  force  of 
14.7  pounds  per  square  inch,  since  the  head  h  is  rarely  or 
never  so  great  that  a  sensible  variation  in  atmospheric 
pressure  can  be  detected  between  the  oriiice  and  the  water 
level.  But  the  upper  level  of  the  water  may  be  subject 
to  the  pressure  of  steam  or  to  the  pressure  due  to  a  heavy 
weight  or  to  a  piston.  The  orifice  may  also  be  under  a 
pressure  greater  or  less  than  that  of  the  atmosphere.  It 
is  required  to  determine  the  velocity  of  flow  from  the 
orifice  under  these  conditions. 

First,  suppose  that  the  surface  of  the  water  in  the  ves- 
sel or  reservoir  is  subjected  to  the  uniform  pressure  of  p^ 
pounds  per  square  unit  above  the  atmospheric   pressure, 
tt-hile  the  pressure  at  the  orifice  is  the  same  as  that  of  the 
atmosphere.     Let  h  be  the  depth  of  water  on  the  orifice. 
The  \-Gk/city  of  flow  V  is  greater  than  \/7gk  on  account 
of  the  pressure  p^,  and  it  is  evidently  the  same  as  that  from 
a  column  of  water  whose  height  is  such  as  to  produce  the 
same  pressure  at  the  orifice.     If  w  be  the  weight  of  a  cubic 
unit  of  water  the  unit -pressure  at  the  orifice  due  to  the 
head  is  "^'h,  and  the  total  unit-pressure  at  the  depth  of  the 
orifice  is  p=wh-\-po,  and  from  formula   Cll)j  the  head  of 
crater  which  would  produce  this  total  unit-pressure  is 

-^=;.+-^' 

Accordingly  the  theoretic  velocity  of  flow  from  the  orifice  is 


-:^  V=^\/2g(h-\-p,/iL-) 

or  'if  ho  denote  the  head  corresponding  to  the  pressure  p^^ 
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The  general  formula  C22)|  thus  applies  to  any  small  orifice 
if  ^  be  the  head  corresponding  to  the  static  pressure  at 
the  orifice. 

Secondly,  suppose  that  the  surface  of  the  water  in  the 
vessel  is  subjected  to  the  unit-pressure  pfy,  while  the  orifice 
is  under  the  external  unit-pressure  pi-  Let  h  be  the  head 
of  actual  water  on  the  orifice,  h^  the  head  of  water  which 
will  produce  the  pressure  p^'  ^^^  ^i  ^^e  head  which  will 
produce  pj.  The  velocity  of  f!ow  at  the  orifice  is  then  the 
same  as  if  the  orifice  were  under  a  head  h  +  h^  —  hj,  or 

V  =  V2g{h^h,-K)  (24)  J 

in  which  the  values  of  h^  and  h^  are 

K-Pz/''^'        h,~pjw 
Usually  pq  and  pi  are  given  in  pounds  per  square    inch, 
while  Ac^  and  h^  are  required  in  feet;   then  (Art.  11) 

h^  =  2.1,O^P^,  h,''2.^04p^ 

The  values  of  p^  and  p^  may  be  absolute  pressures,  or  r:ierely 
pressures  above  the  atmosphere.  In  the  latter  case  pi  may 
sometimes  be  negative,  as  in  the  discharge  of  water  into  a 
condenser. 

As  an  illustration  of  these  principles  let  the  cylindrical 
tank  in  Fig.  24  be  2  feet  in  diameter,  and  upon  the  surface 

of  the  water  let  there  be  a 
tightly  fitting  piston  which 
with  the  load  W  weighs  3000 
pounds.     At  the  depth  8  feet 

^  below  the  water  level  are  three 

small  orifices;  one  at  A,  Upon 
which  there  is  an  exterior  head 
-  of  water  of  3  feet;  one  not 
shown  in  the  figure,  which  dis- 
charges directly  into  the  atmosphere;  and  one  at  C,  where 
the  discharge  is  into  a  vessel  in  which  the  air  pressure  is 
only  10  pounds  per  square  inch.     It  is  required  to  i 
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mine  the  velocity  of  efflux  from  each  orifice.  The  head  h^ 
corresponding  to  the  pressure  on  the  upper  water  surface  is 

£,^        3C.O0        _^     ^3f^t 

'  W  3,142X62.5  ^ 

The  head  h^  is  3  feet  for  the  first  orifice,  o  for  the  second, 
and  -^2.304(14.7  — 10)  =  — TO-83  feet  for  the  third.  The 
three  theoretic  velocities  of  outflow  then  are: 


V—8.02\/8  + 15.28—  3  —36.1  feet  per  second, 
V  ■=8.o2V8  + 15.28—  o  "387  feet  per  second, 
V*8,02V8+ 15,28+ 10.83  =46,8  feet  per  second. 

Tn  the  case  of  discharge  from  an  orifice  under  water,  aa 
at  A  in  Fig,  24,  the  value  of  h  —  hj  is  the  same  wherever 
the  orifice  be  placed  below  the  lower  level,  and  hence  the 
velocity  depends  upon  the  difference  of  level  of  the  two 
'Water  surfaces,  and  not  upon  the  depth  of  the  orifice. 

The  velocity  of  flow  of  oil  or  mercury  under  pressure  is 
to  be  detennined  in  the  same  manner  as  water  by  finding 
the  heads  which  will  produce  the  given  pressure.  Thus  in 
the  preceding  numerical  example,  if  the  liquid  be  mercury, 
"whose  weight  per  cubic  foot  is  850  pounds,  the  head  of  mer- 
cury corresponding  to  the  pressure  of  the  piston  is 

L  3000  ,    ^ 

"9= Z7S —  =  i.T2  feet, 

'     3.142XS50 

and,  accordingly,  for  dischai^e  into  the  atmosphere  at  the 
depth  Ap=8  feet  the  velocity  is 


F  — 8.02X^3  +  1.12  =  24,3  feet  per  second, 
"while  for  water  the  velocity  was  38.7  feet  per  second.  The 
general  formula  (22),  is  applicable  to  all  cases  of  the  flow 
of  Kquids  from  a  small  orifice  if  for  h  its  v^ilue  p/w  be  sub- 
stituted, where  p  is  the  resultant  unit-pressure  at  the  depth 
of  the  orifice  and  w  the  weight  of  a  cubic  unit  of  the  liquid. 
ThoB  for  any  liquid 


^  ■■■*■■*  (24). 
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is  the  theoretic  velocity  of  flow  from  the  orifice.     At'cord-j 
ingly  for  the  same  unit- pressure  p  the  velocities  are  inverseh 
proportional  to  the  squiire  roots  of  the  densities  of  the  liquids.] 

Prob,  24ii.  What  is  theoretic  velocity  of  flow  from  a  small 
orifice  in  a  boiler  i  foot  below  the  water  ievel  when  the  sttam- 
gage  reads  60  pounds  per  square  inch?  Whai  is  the  theoretic 
velocity  when  the  gage  reads  0? 

Prob.  24b.  A  vessel  i  foot  square  has  a  small  orifice  in  thoj 
base.     What  is  the  theoretic  veloeity  of  flow  from  the  oHfice-J 
when   the  vessel  contains   125  pounds  of  mereury:     What  ia1 
tht:  UieoTetic  vehKitv  when  the  vessel  contains  125  pi:>u]ids  oJ 
oil  whose  speci&c  gravity  is  0.75? 


Art.  25.     Tnpluencb  op  Velocity  op  Approach 

Thus  far  in  the  determination  of  the  theoretic  velodti 
and  discharge  &nm  an  orifice,  the  head  upon  it  has  bi 
regarded  as  constant.      But  if  the  cross-section  of  the  vessel 
is  not  large,  the  head  can  only  be  kept  corst^nt  by  an  iiifloi 
of  water  and  this  will  modify  the  previous  formulas, 
this  case  the  water  approaches  the  orifice  with  nn  iritij 
velocity.     Let  a  be  the  area  of  the  orifice  and  A  the  area  ol 
the  horizontal  cross-section  of  the  \^essel,l 
Let  V  he  the  velocity  of  flow  through 
and  V  be  the  vertical  velocity  of  inflo' 
thrtjUEh   -4.     Let    IK  be   the   weight   of 
water    flowing   from   the   orifice   in    otii 
second;   then  an  equal  weight  must  entei 
at  A  in  one  second  in  order  to  maintain  a' 
constant  head  h.     The  kinetic  energy  of  the  outflowing 
wattr  is  \V.Vy2g  and  this  is  equal,  it  there  be  no  loss  ofj 
dergy,  to  the  potential  energy  Wh  of  the  inflowing  wal 
plus  its  kinetic  energy  W  .v^/ig,  or 


Fig.  25fl 
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Now  ance  the  same  quantity  of  water  Q  p-'isses  thmugh  the 
iwo  areas  in  one  second,  Q—aV'-Av.  wlience  v  =  V.\iJA. 
Inserting  Uiis  value  of  v  in  the  equation  uf  eneigy,  there 
is  found  

^-Vrrg^.  (25). 

wtiich  Is  always  greater  than  the  value  VagA, 

The  influence  of  the  velocity  of  iipproach  on  the  velocity 
of  flow  at  the  onfice  can  now  be  ascertained  by  ;issigmng 
values  to  the  ratio  a/ A.  Thus,  if  ii=''l  the  velocity  V 
must  be  infinite  in  order  that  the  water  may  fill  the  entire 
sectkm  of  the  vessel  and  orifice.     Further, 


for    a-   lA 

V~i.^A^\/2gh 

for    a=  ^A 

V  =  i,i54V?^/i 

for     a=   \A 

V  =  i.GOiVjgk 

for    ii"  \A 

V  -  i.o2iy/2gh 

ior     a  •-  ^A 

V  -  i.oo^^/^gh 

ft  is  here  seen  that  the  common  formula  (22) ,  is  in  error  a.  i 
it  when  d  =  M,  if  the  head  be  maintained  constant 
a  tiniform  vertical  inflow  at  the  water  surface,  and  0.5 
lL  when  d-A.'l,     Practically,  if  the  area  of  the  ori- 
be  less  than  one  twentieth  of  the  cross-section  of  the 
tI,    iJie  error   in   using   the   formula   V^\'3gh   is   loo 
lII  l(J  be  noticed  even  in  the  most  precise  exyx-riments, 
fortunaiely  most  orifices  arc  smaller  in  relative  size 
this, 
A  more  common  case  is  that  where  the  rcser^'oir  is  of 
horizontal  and  small  vertical  cross-section,  and  where 
i»rat£r  approaches  the  orifice  with  velocity  in  a  hori- 
znntaJ  direction,  as  in  Fig,  25b.     Here  let  A  be  the  area 
thi*  \"ertical  cross-section  of  the  trough  or  pipe,  a  the 
of  the  orifice  and  h  the  heiid  on  its  center.     Then  if 
be  Jarge  compared  with  the  depth  of  the  orifice,  exactly 
same  reasoning  applies  as  before  and  the  theoretic 
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velocity  at  the  orifice  is  given  by  the  above  fonnula  (25),. 
The  same  is  also  true  for  the  case  shown  in  Fig-  25c,  where 


Fig,  2db  Fig,  25c 

water  is  forced  through  a  hose  with  the  velocity  v  and 
issues  from  a  nozzle  with  the  velocity  V',  the  head  h  being 
that  due  to  the  pressure  at  the  entrance  of  the  nozzle. 

The  ' '  effective  head  * '  on  an  orifice  is  the  head  that  will 
produce  the  theoretic  velocity  V.  If  //  be  this  effective 
head,  then  H  =  V^/2g,  and  from  the  first  equation  of  this 
article  its  value  may  be  written 

H-h+Yg  (25), 

The  effective  head  on  an  orifice  is,  therefore,  the  sum  of 
the  pressure  and  velocity  heads  which  exist  behind  it. 
:\nother  expression  for  the  effective  head  can  be  obtained 
from  formula  (25).,  namelv. 

When  H  has  been  found  from  either  of  these  formulas  the 
theoretic  velocity  and  discharge  are  given  by 

V  =  VJgH         and         Q'=aV=ay/agH 

for  all  instances  where  h  is  sufficiently  large  so  that  its  value 
is  sensibly  constant  for  all  parts  of  the  orifice.  But  if  this 
is  not  the  case  tlie  value  of  Q  is  to  be  found  by  the  methods 
of  Arts.  47  and  48. 

Prob.  25.  In  Fig.  25j  let  the  head  A  be  50  feet,  the  dlamctfir 
of  the  nozzle  14  inches,  and  the  diameter  of  the  hose  j  iachcsT 
Compute  the  effective  head  H,  and  also  the  ^•"-^"•-'^  ^  i^ 
cubic  feet  per  second.  I 
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Art.  26.    Emptying  a  Vessel 

Let  the  depth  of  water  in  a  vessel  be  // ;  it  is  required 
to  determine  the  theoretic  time  of  emptying  it  through  an 
orifice  in  the  base  whose  area  is  a.  Let  Y  be 
the  area  of  the  water  surface  when  the  depth 
of  'water  is  y;  let  3t  be  the  tinle  during  which 
the  -water  level  falls  the  distance  Sy.  During 
this  time  the  quantity  of  water  Y.3y  passes 
through  the  orifice.  But  the  discharge  in  one  Fic.  36a 
second  under  the  constant  head  y  is  gVagy,  and  hence  the 
discharge  in  the  time  3t  is  aSts/^gy.  Equating  these  two 
expressions,  there  is  found  the  general  formula  which 
gives  the  time  for  the  water  surface  to  drop  the  distance  ,dy. 

The  time  of  emptying  any  vessel  is  now  determined  by 
inserting  for  Y  its  value  in  terms  of  y,  and  then  integrating 
between  the  limits  H  and  o. 

For  a  cylinder  or  prism  the  cross-section   Y  has  the 
constant  value  A^  and  the  formula  becomes 

avag 
the  int^ration  of  which,  between  limits  H  and  h.  gives 

ffVag 

as  the  theoretic  time  for  the  head  H  to  fall  to  h.  If  h  =0, 
this  formula  gives  the  time  of  emptying  the  vessel.  If 
the  head  were  maintained  constant  the  uniform  discharge 
per  second  would  be  a^/^gU^  and  the  time  of  discharging 
a  quantity  equal  to  the  capacity  of  the  vessel  is  AH  divided 
by  a's/sgH,  whichisonehaTf  of  the  time  required  to  empty  it. 
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To  find  the  time  of  emptying  a  hemispherical  bowl  of 
nuiius  '-  Ihruugh  a  small  orifice  at  its  lowest  point,  let  x 
iK  the  nwliufi  of  the  cross-section  V;  then  x'+{r—yy=T' 
is  tlio  equation  of  the  circle,  from  which  the  area  Y  is 
flU^v    >').     The  general  formula  then  becomes 

aV2g 
ibJiil  liy  iau^gration  between  the  limits  r  and  o 

whi^'!l  is  tho  llii'orctic  time  required  to  empty  the  hemi- 

VUk^  i>iily   imiH>rlant  ai>plication  of  these  principles  is 
til  Hkv  vaM*  iif  Iho  right  prism  or  cylinder,  and  here  the 

li (lU  lor  ifif  timo  is  modified  in  practice  by  introduc- 

iin^  ,1  kin'tliiii'iil,  as  may  be  seen  in  Art.  58.  The  theoretic 
iu»v  Lnuiul  Uy  llie  above  formula  is  always  too  small, 
itU^w  li ii'lii'Uiil  n.*sistances  have  not  been  considered. 
M^'UH'^r^  llir  formula  does  not  strictly  apply  when  the 
*n,nl  u  M-iv  snuUl  nwing  to  a  whirling  motion  that  occurs 
^u^l  \\lilv  li  liMiils  lo  increase  the  theoretic  time, 

V^^llh^M^  in  w**^-  ^^^^  described  the  phenomena  of  this 
\\hul*  Wlii'ii  !)u'  hoa<I  becomes  less  than  about  three 
vtUi»*i*'"o  ol  ihr  uHfu^c  the  water  is  observed  in  whirling 
»4inUi'M.  Ill"  vrWity  being  g^'eatest  near  the  vertical  axis 
\|u^i(t»^li  \\»^  irnli'i"  of  the  orifice,  and  as  the  head  decreases 
.\  l\iin**-I  ^'^  h'Miicd  llinm^h  the  middle  of  the  issuing  stream. 
{\\^-  illniU'-n  I'l  Miis  whiri,  as  seen  from  above,  may  be 
M\v\  \\\»l\\'iv^  iT  loiilraclockwise.  depending  on  initial 
i^^tHui^M  111  <*^<^  ^^"'^■''  "^  ^*"  irregularities  in  the  vessel  or 
iiiUlH".  I***'  mimIii  iilral  ronditiona  it  should  be  clockwise 
j^^  ^jj^i  ^y.yiW i  |„'iiiis|»hi^re  of  the  earth  and  contraclock- 

*»n.l»V'M-    li'"'"    ""    I^V*lniiilirt   (London.   1799   and    i&rO)   gives  a 
\l^iWltili  til  il-  *'« '  "'  Vc-muri. 
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wise  in  the  northern  hemisphere,  this  being  the  effect  of 
the  earth's  rotation.     Fig.  266  represents  a  vertical  sec- 
tion of  this  funnel,  on  which  A 
is  any  point  having  the  coordi- 
nates X  and  y  with  respect  to  the 
rectangular    axes    OX    and    OF,    =1  ^^ 
The  axis  OY  is  drawn  through   ^^^ 
the  center  of  the  orifice,  and  OX 
is  tangent  to  the  level  water  sur- 
face at  a  distance  H  above  the 

bottom  of  the  vessel.  L«t  r  be  the  radms  of  the  funnel  in 
the  plane  of  the  orifice.  It  is  required  to  find  the  relation 
between  .t,  y.  II,  and  r,  or  the  equation  of  the  curve  shown 
in  the  figure. 

An  approximate  solution  may  be  made  by  supposing 
that  the  particle  of  water  at  A  is  moving  nearly  horizon- 
tally around  the  axis  OY  with  the  velocity  v;   this  velocity 
must  be  due  to  the  head  y.  whence  v'  =  2gy.     This  particle 
is  acted  upon  by  the  downward  force  AB.  due  to  gravity, 
and  by  the  horizontal  force  AC,  due  to  centrifugal  action, 
and  they  are  proportional  to  g  and  v^/x,  these  being  the 
accelerations  due  to  gravity  and   centrifugal   force.     The 
ratio  AC/AB  is  the  tangent  of  the  angle  0  whicli  the  water 
surface  at  A  makes  with  the  axis  OX,  for  this  surface  must 
be  normal  to  the  resultant  AD  of  the  two  forces  AB  and 
AC.     \Vhen  the  ordinate  y  is  increased  to  y-^dy  the  ab- 
scissa X  is  decreased  to  x  —  8x,  and  hence  the  value  of  tantf 
nuist^  be  the  same  as   —dy/dx.     Accordingly 

AC      v^        V  Sy 

AB     gx      X         5x 

and  the  integration  of  this  differential  equation  gives 
y  —  C/x^,  in  which  C  is  the  constant  of  integration.  When 
y  equals  H,  the  value  of  x  is  r,  and  hence  C  =  Hr^,  and  thus 

y^Hryx' 
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is  the  equation  of  the  curve,  whicli  may  be  called  a  quad- 
rslic  hyptTbola,  the  surface  of  the  fimnol  being  then 
quadratic  hyperboloid.  This  equation  rsprescTits  the  curvt 
at  one  instant  only,  f<jr  H  c<:tntinuany  decrtyiscs  as  the 
water  flows  out,  since  the  direction  of  v  is  not  quite  hori- 
Tortal  as  the  investigation  assumes.  The  general  phe-| 
noTnena  are,  however,  well  explained  by  this  discussion. 

Prob.  2641.  A   prismatiL'    ve&svl   lias   a   cross-section   of   18 
square  feet,  and  an  orifice  in  its  base  has  an  area  of  0,18  square] 
feet.     Show  that  ihe  theoretic  time  for  the  water  ]evc\  to  drop 
7  feet,  when  the  heaJ  upon  the  orifice  at  the  bcginaning  is  l& 
feetn  is  34-9  seconds- 

Prob.  266.  Why  does  the  rotation  of  the  earth  lend  to  causftl 
a  counterclockwise  rotation  of  the  wiiicrwhen  a  vessel  is  emptied  1 
in  the  northern  hemisphere  f  Make  e^ptriments  on  this  phenom-j 
enc*n  in  a  stationary  wash-basin,  ami  explain  why  llie  funnell 
does  not  form  when  a  large  piece  of  cardboard  floats  en  the] 
water  surface  above  the  orifice. 


Art.  27.     The  Path  op  a  Jkt 

When  a  jt't  of  water  issues  from  a  stnall  orifice  in  the 
vertical  side  of  a  vessel  or  reservoir,  its  direction  at  first 
is  horizontal,  but  the  force  of  gravity 
^  immediately  causes  the  jet  to  move 
-_5'~-j-  in  a  tur\e  which  will  be  showii  to  be 
zk\~_  the  common  parabola.  Let  x  be  the 
abscissa  and  y  the  ortlinale  of  nny 
point  of  the  curve,  measured  front 
the  orifice  as  an  origin,  as  seen  in 
Fig.  27a.  The  effect  of  iJie  imyiulse 
at  the  orifice  is  to  cause  tlie  space  x 
In  be  <le9cnbecl  uniformly  in  a  certain  time  /.  or,  if  r  be 
tlw  vrtxity  of  flow,  x~it.  The  effect  of  the  foixe  of 
KTBvfty  is  to  cause  the  space  y  to  be  described  in  accord- 
iocc  wiih  Ibe  laws  of  falling  bodies  (Art.  21),  or  y~i£tK 


Fig.  *7a 
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Eliminatmg  t  from  these  two  equations  and  replacing  v^ 
by  its  theoretic  value  2gh,  gives 

which  is  the  equation  of  a  parabola  whose  axis  is  vertical 
and  whose  vertex  is  at  the  orifice. 

The  horizontal  range  of  the  jet  for  any  given  ordinate  y 
is  found  from  the  equation  x^=^4hy.  If  the  height  of  the 
vessel  be  I,  the  horizontal  range  on  the  plane  of  the  base  is 


x  =  2-s/h{l-h) 
This  value  is  o  when  h^o  and  also  when  h=l,  and  it  is  a 
maximum  when  h^ii.     Hence  the  greatest  range  is  from 
an  orifice  at  the  mid-height  of  the  vessel. 

-    A  more  general  case  is  that  where  the  side  of  the  vessel 
is  inclined  to  the  vertical  at  the  angle  G,  as  in    Fig.  276. 
Here  the   jet   at   first   issues 
perpendicularly    to    the    side 
with  a  velocity  v  having  the 
theoretic    value     \^2gk,     and 
under  the  action  of  the  impul- 
sive force  a  particle  of  water 
wouM    describe   the    distance 
AB  in  a  certain  time  (  with  Fig.276 

the  imiform  velocity  v.  But  in  that  same  time  the  force 
of  gravity  causes  it  to  descend  through  the  distance  BC. 
Nowr  let  I  be  the  horizontal  abscissa  and  y  the  vertical 
ordinate  of  the  point  C  measured  from  the  origin  A.  Then 
A^  =xs&:Q,  and  BC^xtajid  —  y.     Hence 

xsecd=:Vt,        xta.n6—y  =  igt' 

The    elimination  of  t  from  these  expressions  gives,   after 
jieplacing  v^  by  its  value  sgk, 

y  'X  tan?  -  x^  sec'^M  (27) 

which  is  also  the  equation  of  a  common  parabola. 


64 


Theoretical  Uviihaulics 


c»Ai',  m 


To  find  the  horizontal  range  in  the  level  of  the  orifice 
iDake  y=o  in  the  last  equation;   then 

ar  — 4/1  tanff/sec'5  — aft  an2ff 

This  is  o  when  ff  =  o*  or  0  =  90*;  it  is  a  maximum  and  equal 
to  sh  when  ^  —  45*^.  To  ftnd  the  highest  point  of  the  jet 
the  fiist  derivative  of  y  with  reference  to  r  is  to  be  equated 
to  zero  in  tirder  to  obtain  the  maximum  ordinate,  and  by 
this  method  there  lesults 

x  =  h  smiB  y=h  sin'ff 

which  are  the  coordinates  of  the  highest  point  with  respect 
to  the  origin  A.  In  these  if  ff  — 90°,  *  is  o  and  y  is  k,  that 
is,  if  a  jet  be  directed  vertically  upward  it  will,  theoretically, 
rise  to  the  height  of  the  water  level  in  the  reservoir. 

As  a  numerical  example  let  a  vessel  whose  height  is  16 
feet  stand  upon  a  horizontal  plane  DE,  Fig.  27b,  the  side  of 
the  vessel  being  inchned  to  the  vertical  at  thc^  angle  6  —  30°, 
Let  a  jet  issue  from  a  small  orifice  at  A  under  a  head  of  10 
feet.  The  jet  rises  to  its  maxunum  height,  j'  =  ix  10  =  3,5 
feet,  at  the  distance  jc  — jV^  Xio  — S.66  feet  from  A.  At 
a:  =  [7.32  feet  the  jet  crosses  the  horizontal  plane  through 
the  orifice.  To  locate  the  pijiut  where  il  strikes  the  plane 
DE,  the  value  of  y  is  made  —6  feet:  then,  from  the  equa- 
tion of  the  curve.  *  is  found  to  be  24.6  feet,  whence  the 
distance  DE  is  Ji,3  feet. 

In  practice  the  above  equations  are  modified  by  the 
frictional  resistance  of  the  edges  of  the  orifice  which  ren- 
ders V  less  than  the  theoretic  value  *^^gh,  and  also  bv  the 
resistance  of  the  air.  They  are,  indeed,  extreme  limits 
wliich  ratiy  be  approaclied  but  not  reached  by  equations 
that  take  these  resistances  into  account. 

Prob.  27.  A  jet  issues  from  a  vessel  under  a  head  of  6  feet.; 
Hie  siOe  of  the  vessel  being  mcllneiL  to  llie  vertical  at  un  angle 
of  45*  and  its  depth  being  S  feet.     Find  tlie  maximum  height] 


The  E-VfiRGT  of  a  Jet 


65 


to  which  the  jet  rises  and  the  point  where  it  strikes  the  hori- 
xoalal  plane  of  the  base.  Show  that  its  theoretic  velocity  as 
it  strikes  that  place  is  aa.y  feet  per  second . 


Art,  28,     The  Ekergy  or  A  Jbt 

Let  a  jet  or  stream  of  water  have  the  velocity  i\  and  let 
11'  be  the  weiglit  of  water  per  secoiiii  passing  any  given 
crrBSS-section.  The  kinetic  energy  of  this  moving  watt;r 
is  tbe  same  as  that  stored  up  by  a  body  falling  freely  under 
the  uction  of  gravity  through  a  height  It  and  thereby  ac- 
4jairiiig  the  velocity  v.     Thus,  if  K  be  its  kinetic  energy 

Therefore,  for  a  constant  quantity  of  water  per  second 
passing  through  the  given  cross-section,  the  energy  of  the 
jet  is  proportional  to  the  square  of  its  velocity.  If  this 
^ncTEy  c^^  ^  ^^  transformed  into  useful  wurk,  the  work 
that  the  jet  will  perform  in  one  second  is  \Vh. 

Tbe  Tvcight  W,  however,  may  be  ejcpressed  in  terms  of 
the  trrotfs^ection  of  the  jet  and  its  velocity.  Thus,  if  a 
l>e  the  area  of  the  cross-section,  and  w  the  weight  of  a  cubic 
unit  of  vrsXer,  \V  is  the  weight  of  a  column  of  water  whose 
length  is  V  and  whose  cnteS'Section  is  a,  or  W  ^iL-ai^:  and 
|i«nce   the  above  formula  reduces  to 

In  general,  then,  it  may  be  slated  that  for  a  constant  cross- 
cprtion.  the  energy  of  a  jet.  or  the  work  which  it  is  capable 
of  doing  per  second,  varies  with  the  cube  of  its  velocity. 

The  expressions  just  deduced  give  the  theoretic  energy 
of  the  jet,  that  is,  the  maximum  work  which  can  be  obtained 
friym  it;  but  this  in  practice  can  never  be  ftilly  titiUaed. 
The  amount  of  work  which  is  realized  when  a  jet  strikes 
t  nwyving  surface,  like  the  vane  of  a  watcr-motoTr  depends 
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upon  a  number  of  circumstances  wliich  will  be  explained 
in.  ii  later  chapter,  and  it  is  the  constant  aim  of  in\'^entors 
so  to  arrange  the  conditions  that  the  actual  work  may  be] 
as  near  to  the  theoretic   energy  as  possible.     The   ^"  effi-l 
uiency"  of  an  apparatus  for  utihzing  the  energy  of  mov 
ivater  is  the  ratio  of  the  work  actually  utilized  to  thel 
theoretic  work;  or,  if  i  be  the  work  realized,  the  efliciency| 
£  is  e=k/K  (28); 

The  greatest  possible  value  of  e  is  unity,  but  this  can  never| 
be  atlained,  owing  to  the  imperfections  of  the  apparatt 
and  the   frictional  resistances.     Values  greater  than  o.i 
have,  however,  been  obtained;  that  is,  90  percent  or  tth 
of  the  theoretic  energy  of  the  water  has  been  utilized 
some  of  the  best  forms  of  hydraulic  motors. 

For  example,  let  water  issue  from  a  pipe  j  inches  11 
diameter  with  a  yelocily  of    jo  feet  per  second,     Thftl 
cross-section  in  squarti  feet  is  3. 14^/144,  and  the  kinetii 
energy  of  the  jet  in  foot-pounds  per  second  is 

A'  — 0,01555X^3.5X0  oaiSXio'"  a  I, a 

which  is  0.0385  hrrse-powcrs.     If  the  velocity  is  too  f( 
per  second,    the   theoretic  horse-power  will  be   38,5; 
this  jet  opemtes  a  moter  yielding  27.7  effective  ht 
powers,  the  efEciency  of  the  apparatus  is  27.7/38,5=0.71, 
or  73  percent  of  the  theoretic  energy  is  utilized. 

The  energy  of  a  jet  is  the  same  whether  its  din 
of  motion  be  \'ertical,  horizontal,  or  inclined,  and  ii 
energy  per  second  is  always  1^/),  where  h  is  the  velocity- 
heatl  corresponding  to  actiial  velocity  n  and  W  is  th< 
weight  of  water  delivered  per  second.  The  energy  shoult 
not  be  computed  from  the  theoretical  velocity  V,  as  tl 
is  usually  greater  than  the  actual  velocity. 

Prob,  2Sa.  A  small  turbine  wheel,  using  loj  cubic  feet 
water  per  minute  under  a  head  of  40  feet,  is  found  to  give  g- 
horae-powers.     Find  the  efficiency  of  the  wheel. 
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Prgb  2S&,  When  water  iasuos  from  a.  pipe  wi!h  a  velocity 
of  ft  f ppt  per  second  it^  kinetic  energy  is  sufRcient  tc»  generate 
vj  horse-powpTs.  Whai  is  tlio  horse-powor  when  the  velociiy 
bccomtis  12  feet  per  second? 


I 
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A»T_  29-     Impulse  and  Reaction  op  a  Jet 

When  a  stream  or  jet  is  in  motion  dcltvering  W  pounds 
of  water  per  second  \\'itli  the  uniform  velocity  r\  tliat 
nwtion  may  be  regiirded  as  produced  by  a  constant  fcjrce 
/,  which  Keis  acted  upon  W  for  one  second  and  then 
ceased.  In  this  second  the  velocity  of  W  has  increased 
fnjci  G  to  r,  and  the  space  j^v  has  been  described.  Con- 
tequcfitly  Ifce  work  Fx  i''  has  been  imparted  to  the  water 
ty  ihc  force  F.  But  the  kinetic  energy  of  the  moving 
water  is  \V.v'/3g,  and  hence  by  the  law  of  conservation 
of  energy  Fxiv  =  ^Vxt''/2g,  from  which,  the  constant 
fofce  is 

F-I-r|  (20), 

Tlus  value  of  F  is  called  the  "impulse"  of  the  jet.  As 
W  «  in  pounds  per  second,  v  in  fcot  per  second,  and  g 
*n  feel  per  second  per  second,  the  value  of  F  is  in  pounds 

In  theoretical  mechanics  the  term  "impulse"  is  used 

in  a  slightly  different  sense,  namely,  as  force  multiplied 

by  time.     In  hydraulics,  however,   IT'"  is  not  pounds,  hut 

pounds  per  second,  aiid  thus  tlie  impulse  is  simply  pounds. 

The  force  7**  is  t'S  be  rcgarrled  as  a  continuous  impul^iive 

frtsBure  acting  in  the  direction  of  the  motion.     For,  by 

Ihc  definiiinn,  F  ads  fwr  one  second  upon  tho  11"  pounds 

water   which   pas5   a  given   section:    but   in   the   next 

nd  \V  poiands  also  pass  the  section,  anil  the  same 

the  case  for  each  si-cond  following.     This  impulse  wiW 

exerted  as  a  pressure  upon  any  surface  placed  in  the 

th  of  the  jel- 

The  reaction  of  a  jet  upon  a  vessel  occurs  wlien  water 
trcn   an   orifice.     This  reaction   must   be   equal   in 
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value  and  opposite  in  direction  to  the  impulse,  :i£  in  alt 
casE^5  of  stress  action  anri  reaction  are  equal.  In  the 
direction  of  the  jet  the  impulse  produces  motion,  in  the 
opposite  dirpctinn  it  produces  im  ».^qiifd  pressure  which 
tends  to  move  the  vessel  backward.  The  force  of  reaction 
of  3.  jet  is  hence  equnl  to  the  impulse  but  opposite  in 
direction.  For  example  (Pig.  29),  let  a  vessel  containing" 
water  be  sixspended  at  .1  so  that  il  can  swing  freely*  and 

A  let  an  cirifji'e  be  opened  in  its  side  at  B. 

The  head  of  water  at  B  causes  a  pressure 
J [  which  acts  towani  the  left  and  causes  IV 

~-.---  pounds   nf   water    to   move   during   every 

^fe^^^zf — 5  second   with   the   velocity  of  v   feet    per 
w       ■'■  second,   and    which   iilso   iicts   toward    Ihe 

I'iG.  29  right  and  causes  the  vessel  to  swing  out 

of  the  vertical;  the  first  of  these  forces  is  the  impulse 
and  the  second  is  the  reaction  of  the  jet.  If  a  forte  fi 
be  applied  on  the  right  of  a  vessel  sx.^  as  to  prevent  the 
swinging,  its  value  is 

R-F-iV.v/g  t203, 

and  this  is  the  reaction  of  the  jet. 

The  impulse  or  reaction  of  a  jet  issuing  from  an  orifit 
IS  double  the  hydrostatic  pressure  on  the  area  of  th( 
orifice.  Lot  h  be  the  Iiead  oi  water,  a  the  area  of  th( 
orifice,  and  w  the  weight  of  a  cubic  unit  of  water;  tl 
by  Art.  15,  the  normal  pressure  when  the  orifice  is  closei 
is  wah.  Wlien  ihc  orifice  is  opened  the  weight  of  Witl 
issuuig  per  second  is  IV=u^ij,  and  hence  the  impi 
or  reaction  of  the  jet  is 

which  is  double  the  hydrostaric  pressure.  Tliis  tlu 
T«tic  conclusion  has  been  verified  by  many  experimeni 
(Art.  144.) 

When  a  jet  impinges  normally  on  a  plane  it  pro<Iuci 
a  dynamic  pressure  on  tliat  plane  equal  to  the  impulj 
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f.  since  Ihc  force  required  lo  stop  \V  pounds  of  water 

m  one  second   is  the  same  as  that  required  to  put  it  in 

lion.    Again,  if  a  stream  moving  with  the  velocity  i\ 

lis  Tttarded  so  that  its  velocity  becomes  v,,  the  impulse 

'b  the  firet  instant  is  U^^r^/g  and  in  the  second   II''  tf^/g. 

The  difference  of  these,  or 

k  a  moasure  of  the  dynamic  pressure  which  has  been 
developed-  It  is  by  virtue  of  the  pressure  due  to  change 
of  vdodly  that  turbine  wheels  and  athtf  hydraulic  motors 
tranfliorm  the  kinetic  energy  of  moving  water  into  useful 

Prob,  29,  If  a  stream  of  water  3  inches  in  diameter  issuefi 
fmm  m  orifice  iii  a  direction  inclined  downward  ib°  to  the 
homno  with  a  velocity  of  15  feet  per  second,  show  that  its 
^upward  reaction  on  the  vessel  is  g.4  pounds  and  that  its  hori- 
iiil  reaction  on  the  vessul  is  19.  j  pounds.  Show  that  the 
pnwire  exerted  by  this  stream,  when  stopped  by  a  plane  nor- 
.ml to  Its  direction,  is  7t.^  pounds. 


Art,  30-     Absolute  and  Relative  Velocjttee 

Absolute  velocity  is  defined  tn  this  hntjk  as  that  with 
R^vct  to  the  surface  cti  the  earth,  and  relative  velocity 
U  Lhat  with  respect  to  a  bculy  moving  on  the  earth.  Thus 
absolale  velocity  is  that  seen  by  a  ST>CLt:itor  who  is  on 
the  earth  and  relative  velocity  is  that  seen  by  one  who 
B  wi  the  moving  body.  For  instance,  if  a  body  be  dropped 
fcAyaperson  who  is  on  a  moving  railroad  car  it  appears  to 
^^  person  standing  outside  to  move  obliquely,  bul  to  one 
^Bd  tlw  car  it  appears  to  move  vertically.  On  a  car  in 
^Bmform  motion  all  the  laws  of  mechanics  prevail  exactly 
^ra  if  it  were  at  rest,  hence  if  dropped  tluough  a  height 
I  4  the  body  acquires  a  theoreI,ic  vilfjcity  of  v'?,?/*  with 
rwparl  to  the  car.  But  if  the  velocity  of  the  ear  be  « 
I     Ihe  kinetic  energy  of  the  body  at  the  moment  of  letting 
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it  fall  is  IVti'/s^  and  its  potential  encr^  is  Wh,  so  that,, 
neglecting    frictional    resistances,    its    total    cDergy    as    il 
readies   the   earth   is   th<;   sum    of  these    and   jiccordin^ly' 
its  absolute  velocity  as  it  reaches  the  earth  is  '\/ ugh -i- a'. 

When  a  vessel  containing  water  with  a  free  surface^  as 
in  Fig-  30u,  has  an  orifice  under  the  head  h  and  is  in  motioaj 
in  a  straight  line  with  the  unifcim  absolute  velocity  u,  th< 

theoretic  velocity  of  flow  tela* 
tive  to  the  vessel  is  V  =  \/3^k,\ 
or  the  same  as  its  absolute  ve- 
locity  if  the  vessel  were  at  rest, 
for  no  accelerating  farces  exist] 
to  change  the  direction  or  th< 
value  of  g.     The  absolute  ve- 
locity of  flow,   however,   may  be  greater  or  less  than   V, 
depending  upon  tlie  value  of  tt  and  its  direction.     To  illua- 
tratc,  take  the  case  of  a.  vc^sscl  in  uniform  hori;?ontal  motion- 
from  which  water  is  flowing  through  three  orifices.     At  A, 
tlie  direction  of  l'  is  horizontal,  and  as  the  vessel  is  moving! 
in  the  opposite  direction  w^ih  thv.  vcktcity  it,  thu  fibsolute! 
velocity  of  the  water  as  it  leaves  the  orifice  is  v  =  V—h, 
It  is  also  plain,  if  the  orifice  were  in  front  of  the  vessel  Mi( 
the  direction  of   V  horizontal,  that  the  absolute  velocit; 
of  the  water  as  it  leaves  the  orifice  is  v  =  V  +  u^ 

Again,  at  B  is  an  orifice  from  which  the  water  issm 
vertically  with  respect  to  the  vessel  \M"th  the  relative  velocii 
V.  while  at  the  same  lime  the  orifice  mo\'es  horizontalb 
with  the  absolute  velocity  tt.  Forming  the  j>arallelogram, 
the  absolute  velocity  if  is  seen  to  be  the  resultant  of 
velocitii^  V  and  «,  or 

Lastlv,  at  C  is  shown  an  orifice  in  the  front  of  the  vessel 
arranged  thai  tJie  direction  of  the  relative  velocity  V  irn 
an  angle  tp  with  the  horizontal.     From  C  draw  Cm  to 
resent  the  velocity  u,  and  CV  to  represent  V,  and  comple^ 
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the  para31cbgram  as  shown;  then  Cv,  th^  resultant  of  u 
aad  V,  k  the  absolute  veJt>city  witli  which  the  water  lea\'es 
the  orifice.     From  the  triangle  Cuv 


vVV-^u^  +  suVcostp 


(30) 


In  this,  if  ^  =  o,  the  absolute  velocity  v  becbmes  V  +  m  as 
before  shown  for  an  orifice  in  the  front;  if  ^=90^*,  it  be- 
jvjines  ihc  5ame  as  when  the  water  issues  vertically  from 
tht  orifice  in  the  b;ise;  and  if  ^  =  iSo^  the  va.lue  uf  v  is 
V— u  as  before  found  for  an  orifice  in  the  rear  end. 

Anothcr  rase  is  that  of  a  revolving  vessel  ha-ving  an 
ig  from  which  the  water  issues  lioriKonlally  with  the 
LivE  velocity  V,  while  the  orifice  is 
moving  horizontally  -^-ith  the  absolute 
^bcity  H.  Fig.  306  shows  this  case, 
i^bdng  the  angle  which  1"  makes  %\'ith 
Ifcc  reverse  direction  of  h,  and  here  also 


'^  Fig,  30fr 

n  the  absolute  velocity  of  the  tt'TLtcr  as  it  leaves  the  vessel. 
In  ^1  cases  the  absolute  velocity  of  a  bndy  leaving  a  mov- 
ing Jurface  is  the  diagonal  of  a  parallelogram  one  side  of 
■wtich  is  the  velocity  of  the  body  relative  to  tlie  eurface 
[aitd  the  ether  side  is  the  absolute  velocity  of  that  surface. 

If  a  vessel  niovc  with  a  motion  which  is  accelerated  or 

itcicd,  this  alTects  the  %'alue  of  ^.  and  the  reasoning  of 

preceding  articles  rioes  not  give  the  ccirect  value  of  V. 

^rt'  instance,  if  a  vessel  move  vertically  upward  with  an 

oration  /.  tlie  relative  velocity  of  flow  from  an  orifice 

it  is  V  =-\'' 3{g-\-l)k.  and  if  «  be  the  vekicity  of  the  vessel 

Miiy  instant,  the  absolute  downward  velocity  of  flow  is 

V^     Again^  if  a  vessel  be  moving  downward  with  the 

rleration  /,  the  reLitive  velocity  of  tlow  is  I'  =  y/^{g  —  f)h 

the  absolute  is  u^V.     If  the  downward  acceleration 

g,  or  the  vessel  be  freely  falling,  V  will  Ije  zero,  since 
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both  vessel  and  water  are  alike  accelerated  and  there  is 
no  pressure  on  the  base. 

Prob.  30-  In  Fig.  30a  let  the  orifice  at  ^  be  under  a  head 
of  4  feet  and  its  height  above  the  earth  be  4.5  feel,  while 
the  car  moves  with  a  velocity  of  40  miles  per  hour.  Compute 
the  relative  velocity  V,  the  absolute  velocity  v,  and  the  absolute 
velocity  of  the  jet  as  it  strikes  the  earth, 

Art.'31-     Flow  from  a  Revolving  Vessel 

Water  in  a  vessel  at  rest  on  the  surface  of  the  earth  is 
acted  upon  only  by  the  vertical  force  of  gravity,  and  hence 
its  surface  is  a  horizontal  plane.  Water  in  a  revolving 
vessel  is  acted  upon  by  centrifugal  force  as  well  as  by 
gravity,  and  it  is  observed  that  its  surface  assumes  a  curved 
shape.  The  simplest  case  is  that  of  a  cylindrical  vessel 
rotating  with  uniform  velocity  about  its  vertical  axis,  and 
it  will  be  shown  that  here  the  water  surface  is  that  of  a 
paraboloid. 

Let  BC  be  the  vertical  axis  of  the  vessel,  h  the  depth 
of  water  in  it  when  at  rest,  and  /i,  and  h^  the  least  and 
greatest  depths  of  water  in  it  when 
in  motion.  Let  G  be  any  point  on. 
the  surface  of  the  water  at  the  hori- 
zontal distance  x  from  the  axis,  and 
let  y  be  the  vertical  distance  of  G 
above  the  lowest  point  C.  The  head 
of  water  on  any  point  E  in  the  base  is  EG  or  h^-\'y.  Now 
this  liead  y  Js  caused  by  tlie  velocity  n  with  which  .the  point 
G  revolves  around  the  axis,  or,  in  other  words,  the  position 
of  G'  above  C  is  due  to  the  energy  of  rotation.  Thus  if  W 
be  the  weight  of  a  particle  of  water  at  G  the  potential  energy 
Wy  equals  the  kinetic  energ>'  Wu^/ig.-and  hence  y  —  w'/^g. 

Let  n  be  the  number  of  revolutions  made  by  the  vessel 
and  water  in  one  second.     Then  u  =  2-x.n,  and  hence 

y  =  uy2g  =  27zhrx^/g 
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which  is  the  equation  of  a  common  parabola  w-ith  respect 
to  rectangular  axes  having  an  origin  at  its  vertex  C.  The 
surface  of  revolution  is  hence  a  paraboloid. 

Since  the  volume  of  a  paraboloid  is  one  half  that  of 
its  circumscribing  cyhnder,  and  since  the  same  quantity 
of  water  is  in  the  vessel  when  in  motion  as  when  at  rest,  it 
is  plain  that  in  the  figure  iih^—h^)  equals  h—k^.  Conse- 
quently h  —  hy  equals  h^—h.  or  the  elevation  pf  the  water 
surface  at  D  above  its  original  level  is  equal  to  its  depres* 
sion  at  C,  If  r  be  the  radius  of  the  vessel,  the  height  K—h^ 
b,  from  the  above  equation,  ^iz^n'r^/g,  and  hence  the  dis- 
tances h  —  ht^  and  h^  —  h  are  each  equal  to  izVr^/g.  The 
head  at  the  middle  of  the  base  of  the  vessel  during  the 
motion  is  now  hi  =  h  —  jtVr'/g  and  the  head  at  any  point  E 

The  theoretic  velocity  of  flow  from  the  small  orifice  in 
the  base  is  that  due  to  the  head  h^+y,  or 


which  is  less  than  Vag/j  when  x^  is  less  than  ^r'.  and  greater 
when  x'  is  greater  than  Jr^.  For  example,  let  r  =  i  foot  and 
A^3  feet,  then  V  =  i3.9  feet  per  second  when  the  vessel  is 
at  rest.  But  if  it  be  rotating  three  times  per  second  around 
its  axis  with  uniform  speed  the  velocity  from  an  orifice  in 
the  center  of  the  base,  where  x  =  o.  is  3.9  feet  per  second, 
while  the  velocity  from  an  orifice  at  the  circumference  of 
the  base,  where  x  =  i  foot,  is  19.2  feet  per  second.  At  this 
speed  the  water  is  depressed  2.76  feet  below  its  original 
level  at  the  center  and  elevated  the  same  amount  above 
that  level  around  the  sides  of  the  vessel. 

In  the  case  of  a  closed  vessel  where  the  paraboloid  can- 
not form,  the  velocity  of  f5ow  from  all  orifice?;,  except  one 
at  the  axis,  is  increased  by  the  rotation.  Thus  in  Fit;.  ^Ib, 
if  the  vessel  be  at  rest  and  the  head  on  the  b^ise  be  h  the 
velocity  of  flow  from  all  small  orifices  in  the  b;[^:c  is  \':^pIi[ 
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But  if   the  vessel  be  revolved  about  the  vertical  axis  BC^^ 
O  so  that  an  arificc  at  E  has  the  velcx^ity  u  around! 

that    axis,   then  the    pressiire-head    at    £  is 
!t-\-H'/2g,  and  acconlingly 

ntm^  ^■''^^^s^^+^  (31) 

is  the  theoretic  velocity  of  flow  from  an  orifice  at  E.  This 
formida  is  an  important  one  Jn  the  discussion  of  hydraulic 
motors.  Here,  a^  befnre,  the  value  of  j<  may  be  espressed 
as  a^r-vti,  when  x  is  the  distance  of  E  from  the  axis  and 
11  is  the  number  of  revolutions  per  second-  As  an  ex- 
ample, suppf»se  a  closed  vessel  full  of  water  to  be  revolved 
about  an  axis  lao  times  per  minute,  and  it  be  required 
to  find  the  theoretic  velocity  of  flow  from  an  orifice  ij 
feet  from  the  axis,  the  head  on  which  is  4  feet  when  the 
vebsel  is  at  rest,  Tlie  velocity  7*  is  found  to  be  18.85 
feet  per  second,  and  then  the  thetiretic  \^elocity  of  flow 
from  the  orifice  is  34,3  feet  per  second,  whereas  it  is  ordy 
16,0  feet  per  second  when  the  vessel  is  at  rest. 

The    velCH^ity   V  in    both    thtse    cases    is    a    relative 
velocity,  for  the  pressure  at  the  moving  orifice  produces 
a  velocity  with  respect  to  the  vessel.      The  absoluU;  ve-i 
ittcity,  or  that  with  respect  to  the  earth,  is  greater  than 
the    relative    velocity    when    the   stream   issues   from   aa, 
orifice  in  the  base,  for  the  orifice  moves  horiaontally  with' 
the  absolute  velocity  «  a.n(3  the  stream  moves  downward 
with   the  relative  velocity  K.  and  hence  tbe  absolult  ve- 
locity of  the  stream  is  VV  +  h^.     When  tlie  stream  issues 
from  an  orifice  in  the  side  of  the  vessel  upon  which  the] 
head   is   It,    formula    (31)    gives   its   relative   velocity   ani 
then  the  absolute  velocity  is  found  by  (ormula  (30). 

Prob-  31a.  For  Ihe  curve  in  Tig.  31a  deduce  the  equatiotil 
ij;^Cr*  by  a  method  of  proof  similar  to  that  used  in  tile  latl 
part  of  Art,  26, 

Prob,  316-  A  cyhndrical  vessel  2  feet  in  diameter  and  3  feetl 
deep  is  three  fourtha  full  r>i  water,  and  is  revolved  about  ita! 
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ifCTtical  axis  so  that  tlie  water  is  just  on  the  point  of  Dvcrflowitig 
artiund  Ihe  upper  edge-  Find  the  number  of  revoiutions  per 
nmmte.  Find  the  relative  velocity  of  flow  from  an  onlice  in 
Xht  base  at  a  distance  of  0,75  feet  from  the  axis.  Show  that 
ehevekiciiy  from  aW  orifices  wiihin  0-70;  feet  of  the  axia  U  less 
ihan  if  the  vessel  wery  at  rest. 


Art.  32.     Steady  Flow  in  Smooth  Pipes 

When  water  flows  through  a  pipe  of  varying  cross- 
section  and  all  sections  are  filled  _with  water,  tlie  same 
qiuntily  of  water  pa&aeB  eacli  section  in  one  scL-ortl.  This 
is  called  the  case  of  steady  flow.  Let  q  be  this  quantity 
li  water  and  let  f,,  t,,  n,  be  the  mean  velocities  in  three 
sections  whose  areas  are  a^,  a^,  a,.    Then 

This  is  called  the  condition  for  steady  flow,  and  it  shows 
that  the  velocities  at  different  sections  vary  inversely 
as  the  areas  of  tJiose  sections.  If  v  be  the  vel^'city  at 
the  end  of  the  pipe  where  the  area  is  a,  then  alw  q^av. 
ftljcn  the  discharge  q  and  the  areas  of  the  cross-sections 
have  been  measured,  the  mean  velocities  may  he  cornputed. 

When  a  pipe  is  filled  with  water  at  rest  the  pressure 
«  any  point  depends  only  upon  the  head  of  w.'^tcr  above 
that  point.  But  when  the  water  is  in  motion  it  is  a  fact 
of  obser\'ation  that  Ihe 
pressure  becomes  leas  ih.in  i ---_-l.=L;-:.^> 
that  due  to  the  head.  The  ~^~I^^^ 
1Dltt-pres6une  in  any  case  ~V~" 
iinay  be  measured  }>y  the  '—-^-^^ 
[•height  of  a  column  of  water.  ~-~-^~ 
lUs  if  water  be  at  rest  in 
ic  case  shown  in  Fig,  32a, 
id  small  lubes  be  inserted 


Pio.  32i 


the  sections  whose  areas  are  tij  and  a^  the  water  will 
rise  io  each  tube  to  the  same  level  as  that  of  the  water 
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surface  in  the  reservoir,  and  the  pressures  in.  the  soctitjns 
wiW  be  those  due  to  the  hydrostatic  heads  H^  and  //,, 
But  it  the  valve  at  the  right  be  opened  the  water  levels 
in  the  small  tuhcs  will  ainli  and  the  moan  pressures  in 
the  two  sections  will  be  those  due  to  the  pressure-heads 
hi  and  hj. 

Let  H^  be  the  weight  nf  wat«r  flowing  in  each  second 
through  each  section  W  the  pipe,  ard  let  v,  and  r,  be  the 
mean  velocity  in  the  section  a^  and  Oj.  When  the  water 
was  at  rest  liie  potential  ener^  of  pressure  in  the  secticn 
a,  was  11'//,;  when  it  is  in  motion  the  energy  in  the  section 
is  Ihe  pressure  energy  Wh^  plus  the  kinetif  energy  VK  I'l'/'g- 
If  nc  looses  of  energy  due  to  friction  or  impact  have  oc- 
curred, the  energ>'  in  the  two  cases  must  be  equal.  The 
same  reasoning  applies  to  the  section  o-,,  and  henoe 


I 


^.=^.^% 


H,=h,+ 


*£ 


(32), 


These  equations  exhibit  the  law  first  deduced  by  Daniel 
Beniouilli  in  1738.*  and  which  may  be  stated  in  words 
as  follows: 

At  any  section  of  a  tube  or  pipe,  under  steady  flow 
without  frictionn  the  pressure-head  plus  the  veloeity-head 
is  equal  to  the  hydroatatic  head  that  obtains  when  there 
is  UQ  flow. 

This  theorem  of  theoreticaT  hydraulics  is  of  grea,t  importance 
in  practice,  although  it  has  been  deduced  for  mean  vcloc- 
ities  and  moan  pressure-heads,  while  actually  the  velocity 
and  the  pressure  are  not  the  same  for  all  points  of  the 
cross-section. 

The  pressure-head  at  any  section  hence  decreases 
when  the  velocity  o£  the  water  increases.  To  illustrate, 
let  the  depths  of  the  centers  of  j,  and  ii,  be  6  and  S  feet 
below  the  water  level,  and  let  their  areas  be  1,2  and  2. 

•  Hydrodynoinica  (Siraaalmn:,  1736)-  PP'  35f   144- 
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(square  feel.  Let  the  discharge  of  the  pipe  be  14. 4  cubic 
ffft  per  secomL  Then  irv^m  (32),  the  mean  velocity  in 
Cj  is  r,*i4,4/l-»  — la  feet  per  second,  which  corresponds 
to  a  velocity  head  of  0.01555-^-  — 3.24  feel,  and  conse- 
quMitJy  from  (p^2)J  the  pressure-heail  in  Ui  is  (f.o-'7.34~ 
j,?6.  For  the  section  g,  the  velocity  is  6  teet  per  second 
and  the  velocity  head  is  0-56  feet,  so  that  the  pressure- 
head  is  8.0  —  0.56  —7.44  feet, 

The  theorem  of  (32),  may  be  also  applied  to  the  jet 
imung  from  the  end  of  tlie  pipe.     Chitside  the  pipe  there 
can  be  no  pressure,  and  if  k  bf  the  hydrostatic  head  und 
'       V^e  velocity  the  equation  gives  h  =  V^/jg.  or  V  =  \/2gh. 

I  that  is,  if  frictioniil  resistances  be  not  considered,  the 
Iheorettc  velocity  of  flow  from  the  end  of  a  pipe  is  that 
due  td  the  hydrostatic  he^id  upon  it-  In  Chapter  VIII  it 
win  be  seen  that  the  velocity  is  much  smaller  than  this^ 
fera  hrge  part  of  the  head  h  ia  expended  in  overcoming 
I       faction. 

A  nc^tiv-c   pressure   may   occur   if   the   velocity-head 
bKomcs    greater    than    the    hydrostatic    head,    for    (32), 
shows  that  Vj,  is  negative  when  W/^^  exceals  f/,.     A  case 
uf  ihi*  tind  is  given  in    Fig,  Z2b.  where  the  section  at  .4 
»  so  smalj  that  the  velocity  is  greater  tlian  that  due  to 
Uw  head  K,.  so  that  if  a  tube  be  inserted  at  A  no  water 
TUnsout,  but  if  the  tube  be  carried  down- 
nirct  into  a   vessel  of   water  there   will 
lo   lifted    a    column    CD    who5<?    height 
is  that  of   the  negative   pressure-head 
jfc,.     For  examjjle,    let   the  cross-section 
of  A  be  0.4  square  feet,  and  its  head  h 
be  4.1  feet,  while  8  cubic  feet  per  second 
a/c  discharged  from  the  orifice  below.     Then  the  velocity 
at  .'I  is  JO  feet  per  second,  and   the  corresiwmding  velcx'ity- 
h^nA  is  6  ?a  feet.      The  prt'&surc-hcad  at  A  theu  is,  from 
tj»e  theorem  of  formula  (^2)*, 

/i,=4.i— 0,32  =  — 2.1J  feet 
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and  accordingly  there  exists  at  A  an  inward  pressure 

/>i= —2.13X0.434= —o^pa  pounds  per  square  inch. 

This  negative  pressure  will  sustain  a  column  of  water 
CLi  whose  height  is  212  feet,  if  the  small  vessel  be 
placed  so  that  its  ftater  level  is  less  than  j-ia  feet  below 
-4,  water  will  be  constantly  drawn  from  the  smaller  to 
the  larger  vessel-  This  is  the  principle  of  the  action  of 
the  injector-pump, 

Prob.  32.  Tn  a  horizontal  lube  there  are  two  sectionE  of 
diameters  i.o  and  i-S  feet.  The  velocity  in  the  first  section 
is  632  feet  per  scennrtj  and  the  pressure-head  is  31^57  feet. 
Find  the  presaiu-e-head  £or  the  second  section  if  no  energy  is 
lost  between  the  sections. 


Art.  33.     Computations  iw  Metric  Measures 

(Art,  22)     Using  for  the  acceleration  of  the  mean  value 
g,So  meters  per  second  per  second,  fcrmulas  (22),  become 

V  =  4.H2yVh  ;(=o,osioaV'  (33) 

JQ  which  ft  is  in  meters  and  V  in  meters  per  second-     TablC] 
Ifi  shows  values  of  the  velocity  for  given  heads,  and  valui 
of  the  velocity-head  for  given  velocities. 

(Art.  23)     The  areii  a  is  in  sqtmre  meters,  the  velocity 
V  in  meters  per  second,  and  the  discharge  Q  in  cubic 
meters   per   second.       Thus   if   a    pipe   ao   centimeters   in 
diameter   discharges    o.  1 5    cubic    meters    per    second    the] 
area  of  the  cross-section  is  0.03142  square  meters  and  IheJ 
mean  velocity  is  0,15/0,03142  =  4-77  meters  per  second, 

(Art.  24)     For  Fig.  24  let  the  reservoir  be  one  met* 
in  diameter,  the  load  VV  be  3000  kilograms,  and  the  oritic* 
be  3  meters  below  the  piston-      Let  the  exterior  head  an] 
A  be  1-5  meters,  the  orifice  B  be  open  to  tlie  atmosphere, 
and  the  orifice  C  be  in  air  whose  pressure  is  07  kilograms 
per  square  centimeter-     The  area  of  the  piston  is  0.7854] 
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square  mettT^,  and  the  head  corresponding  to  the  pressure 
on  the  upper  water  surface  is 


fc.- 


aooo 


2.546  meters. 


The  head  fti  is  3  meters  for  the  fir^t  oriiice,  o  for  the  second, 
ud  -io(i.o33— 0,7)  =  —  j,3J  meteis  for  the  third.  The 
three  theoretic  velocities  of  outflow  then  are 

l'^=^4,427V'3 +  3.546—  1.5  =  S.yi  meters  per  second, 
r=4.437V'3  + 3-540-0  —10.43  nictcrs  per  second, 
^-4.427^3  +  3  546 -r-3. 33  =13.19  meters  per  second- 

If  in  ihis  exflmple  the  liquid  be  alcohol  which  weighs  Soo 
kilograms  per  cubic  meter,  the  head  of  alcohol  correapQiid- 
tog'  to  tlie  pressure  of  the  piston  is 

,  2000 

and  acconiingly  for  discharge  into  the  atmosphere  at  the 
depth  A^=j  meters  the  velocity  is 


T  — 4,437X^3  +  3.18  =  11.01  meters  per  second, 
^ilp  for  water  the  velocity  was  10,43  nieters  per  second. 

(Art.  28)  As  an  illustration  of  (28),  let  water  issuq 
a  pipe  G  centimeters  in  diamtter  with  a  velocity  of 
[4  roelers  per  second.  The  cross-section  is  found  from 
Tahk  51  to  be  o.oojS??  square  meters,  and  then  the 
:tic  work  in  Idlogiani-meters  per  second  is 

K  =  0.0^103  X  1000X0.002837X4' =  9.23 

rhich  is  0.1J3  metric  horse-powers.     If  the  A-elocity  be 
16  meters  per  second  the  stream  will  funiish  7.87  horse- 
powers, 

CArt.  32)     In  Fig.   32o,   suppose  the  sections  a,   and 
^  to  be  0.06  and  0.12  square  meters,  and  the  depths  of 
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their  centers  below  the  water  level  of  the  reservoir  to 
be  4.5  and  5,5  meters.  Let  0,34  cubic  meters  per  second 
be  discharged  from  the  pipe<  then  from  (32),  the  mean 
velocities  in  a,  and  a^  are  40  ^tnd  a.o  meters  p&r  second. 
The  velocity-heads  are  then  0.8*  meters  for  a^  and  0,20 
meters  for  a,,  so  that  dioring  the  flow  the  pressure-head 
M  A  is  4.5—0.82  =3.08  metere  and  that  at  Bis  5.5  — 0.20  — 
5-30  meters. 

Prob.  33a.  What  theoretic  velocities  are  produced  hy  heads 
o£  0.1,  0,01,  and  o.ooi  meters?  What  is  the  velocity- head  of 
a  jet.  7,5  centimeters  in  diameter,  which  discharges  500  liters 
per  second? 

Prob,  33?»-  A  priEmalic  vessel  has  a  cross-section  of  1.5 
square  meters  and  an  orifice  in  its  base  has  an  area  of  1 50  square 
eeniimpters.  Compute  the  theoretic  time  for  the  water  level 
to  drop  3  meters  when  the  head  at  the  heEinning  is  4  meters, 

Prob-  33c-  A  small  turbine  wheel  using  3  cubic  meters  of 
water  per  second  under  a  head  of  loj  meters  is  found  to  deliver 
5-1  metric  horse-powers.     Compute  the  etliciency  of  the  wheel. 

Prob,  33ii.  In  an  inclined  lube  there  are  two  sections  of 
diameters  10  and  jo  centimeters,  the  second  Kection  being 
1.536  meters  higher  than  the  first.  The  velocity  in  the  first 
section  is  6  meters 


per 


pressure- 


meters.     Find  the  pressure-head  for  the  second  section. 
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CHAPTER  IV 


INSTRUMENTS  AND  OBSERVATIONS 


Art,  34.     Genehal  Considehattons 

Some   of   the    most   importaTit    practical   problems    of 

Hydraulics  are  those  involving  the  measurement  of  the 

amount  of  water  discharged  in  one  second  from  aji  orifice, 

pipe,  or  conduit  under  given   contJitions.     The  theoretic 

fwmulas  of  the  last  chapter  furnish  the  basis  of  most  of 

UiKf   methods,   rtnd    m    the  chapters  following    this    one 

are  fiven    coefficients    derived    from    experience    which 

CTflble  those  formulas  to  be  applied  to  practical  c^inditions. 

These  coefficients  have   been   determined   hy   measuring 

beads,  pressures,  or  velocities  with  certain  instrumentSj 

And  also  the  amount  of  water  actually  discliargecl,  and 

then  comparing   the    theoretic    results    with    the    actual 

<mes.    It  is  the  main  object  of  this  chapter  to  describe 

the  instruments  used  for  this  jjurjjose,  and  a  few  remarks 

concerning  advantageous  methods  for  the  discussion  of  the 

observations  will  also  be  made. 

The  engineer's  steel  tape,  level,  and  transit  are  iu" 
dispensable  tools  in  many  practical  hydraulic  problems. 
For  example,  two  retiervoiTB  M  ^ 
askd  N,  connected  by  a  pipe 
Kne,  may  be  several  miles  apart. 
To  ascertain  the  difference  in 
rvation  of  their  water  sur- 
lines  of  le\'els  may  be  run 
irj     bench    marks    established  Vm.Z^ 

each  reservoir  as  also  at  other  points  along  the  pipe 
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line.  From  the  bench  marks  at  the  reRer^'oira  there  can 
be  set  up  simple  board  gages,  so  that  simultaneous  read* 
iogs  can  be  taken  at  any  time  to  find  the  difference  in 
elevation.  From  the  bcnt^h  marks  along  the  pipe  line  a 
profile  of  the  same  can  be  plotted  for  use  in  the  discussion, 
With  the  transit  and  tape  the  alignment  of  the  pipe  line 
and  the  lengths  of  its  curves  and  tangents  can  also  be  taken 
and,  mapped.  All  of  these  records,  in  fact,  are  necessary 
in  order  to  determine  the  amount  of  water  delivered 
through  the  pipe. 

For  work  on  a  smaller  scale,  like  that  of  the  discharge 
from  an  oriiice  in  a  tank,  tlie  steel  tape  may  )yc  used  to 
mark  points  from  which  a  glass  gage  tube 
may  be  set  upon  which  the  height  of  the 
water  sm^"ace  above  the  orifice  ean  bo 
read  at  any  time  during  the  experiment. 
Another  method  is  to  have  a  float  on  the 
water  surface,  the  vertical  motion  of  which 
is  communicated  to  a  cord  passing  over  a. 
pulley,  so  tljat  readings  can  be  taken  on  a. 
scale  as  the  weight  at  the  lower  end  of  the  cord  mm-es 
up  or  down.  When  the  head  is  \'ery  smal!,  however, 
these  methods  are  not  sufficiently  precise  and  the  hoolc 
gage,  described  in  Art.  .^5,  must  be  used, 

A  small  quantity  of  water  flowing  from  an  orifice  may- 
be measured  by  allowing  it  to  run  into  a  barrel  set  upon, 
a  platform  weighing  scale.  The  weight  of  water  dis- 
charged in  a  given  time  is  thus  a^scertained,  the  time  being 
noted  by  a  stop-watch,  and  the  volume  is  then  compu 
by  the  help  of  Table  7-  if  the  flow  is  imifomi  the  dis 
charge  in  one  second  is  then  fviund  \\y  dividing  the  vtdu 
by  the  number  of  seconds.  A  larger  quantity  of  wat 
may  be  measured  in  a  rectangular  tank,  the  cross-sectio 
of  which  is  accurately  known;  here  the  water  surface  is 
noted  at  the  beginning  and  end  of  the  experiment,  an 
the  volume  is  llien  computed  by  multiplying  the 
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by  the  <]if!"er£?nce  of  thp  two  elevations.  For  example, 
if  a  square  tank  be  4  feet  a  inches  inside  dimensions,  and 
a  the  gage  reads  3.17  feet  at  the  be^nning  and  4.62  feet 
at  the  end  of  the  experiment,  which  lasted  304  seconds, 
the  flow,  if  unifonn,  is  0.0828  cubic  feet  per  &econd. 

LoT^er  quantities  of  water  still  are  sometimes  measured 
in  ihe  reservoir  of  a  city  siippty.  The  engineer,  by  the 
uiC  of  his  le^'e!.  transit,  and  lape^  makes  a  precise  contour 
nap  of  the  reservoir,  determines  with  tlie  planimeter 
ifie  area  enclosed  by  each  contour  curve,  and  computes 
Ibe  ^'olume  included  between  successive  contour  planes. 
For  instance,  if  the  area  of 
Ihc  coniour  curve  AB  be 
ii}io  squELie  feet  and  that 
cf  CD  be  79  6^4  square 
fet  and  the  vertical  dis- 
tiiice  between  the  contour 
pbnes  be  5  feet,  t]ie  volume 
included  is  409  8G0  cubic 
feci  by  the  method  of 
inean  areas.  A  more  pre- 
coe    determination,     how- 


FlO.  34c 


r*ver,  may  l>e  made  by  measuring  the  area  of  a  contour 
ctir\c  half-way  between  AB  and  AC;  if  this  be  found  to 
be  |j  15a  square  feet,  the  volume  included  between  AB 

rl  AC  is  computed  by  the  prismoidat  formula  and  found 
be  410  450  cubic  feet. 
These  direct  methods  of  water  measurement  form  the 
beds  of  all  hydraulic  practice-  In  this  manner  water 
iDrters  are  rated,  and  the  coeilicient  determined  by  which 
pnkctical  formulas  for  flow  through  orificea,  weirs  and 
are  established.  These  coefficients  being  known, 
methods  may  be  used  for  water  measurement, 
',  the  discharge  can  be  computed  from  the  formulas 
rter  area  and  heads  have  I)een  ascertained.  There  arc 
methods    of    indirect    measurement    from    observed 
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velocities  which  will  be  described  later,  and  which  are 
especially  valuable  in  finding  the  discharge  of  pipes,  con- 
duits and  streams. 

PTob.  34.  Water  flows  from  an  orifice  uniformly  for  93.5 
seconds  and  falls  into  a  barrel  on  a  platform  weighing  scale. 
The  weight  of  the  empty  barrel  is  aS  pounds  and  that  of  the 
barrel  and  water  is  267  pounds.  What  is  the  discharge  of  the 
orifice  in  gallons  per  minute,  if  the  temperature  of  the  water 
is  5a**  Fahrenheit? 

Art,  35,     The  Hooic  Gage 

The  hook  gage,  invented  by  Boyden  about  1840,  con- 
sists of  a  graduated  metallic  rod  sliding  vertically  in  fixed 
supports,  upon  which  is  a  vernier  by  which  readings  can  be 
taken  to  thousandths  of  a  foot.  At  the  lower 
end  of  the  rod  is  a  sharp-pointed  hook,  which  is 
raised  or  lowered  until  its  point  is  at  the  water 
level.  Fig.  35a  represents  the  form  of  hook  gage 
made  by  Gurley,  the  graduation  on  the  rod  being 
to  feet  and  hundredths.  The  graduation  has  a 
length  of  2.2  feet,  so  that  variations  in  the  water 
level  of  less  than  this  amount  can  be  measured, 
by  using  the  vernier,  to  thousandths  of  a  foot. 
To  take  a  reading  on  a  water  surface,  the  point 
of  the  hook  is  lowered  below  the  surface  and  then 
slowly  raised  by  the  screw  at  the  top  of  the  in- 
strument. Just  before  the  point  of  the  hook 
pierces  the  skin  of  the  water  (Art.  3)  a  pimple 
or  protuberance  is  seen  to  rise  above  it ;  the  hook 
is  then  depressed  until  the  pimple  is  barely  visi- 
ble and  the  vernier  is  read.  The  most  precise 
hook  gages  read  to  ten-thousandths  of  a  foot,  and 
it  has  been  stated  that  an  experienced  obser%'er 
can,  in  a  favorable  light  and  on  a  water  surface 
perfectly  quiet,  detect  differences  of  level  as 
Fig.  35a      ^^^i\  ^^  0.OOO2  feot. 

A  cheaper  form  of  hook  gage,  and  one  sufficiently  pre- 
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dse  in  some  classes  of  work,  can  be  made  by  screwing  a 
book  into  the  fool  of  an  engineer's  leveling  rod.  The  back 
fart  of  the  n«l  is  then  held  in  a  %"erticLil  position  by  two 
damps  on  fixed  supports,  while  the  front  part  is  free  to 
6liile.  It  is  easy  Iti  arrajige  a  slow-motion  movement  so 
that  the  point  of  the  hook  may  be  precisely  placed  at  the 
mer  level.  The  reading  of  the  vernier  is  determined  when 
the  point  of  the  hook  is  at  a  known  elevation  above  an  ori- 
fice or  the  crest  of  a.  weir,  iind  by  subtracting  from  this  the 
subsequent  readings  the  heads  of  water  are  known.  A 
NW  Vork  rod,  reading  to  thousandths  of  a  foot,  is  to  be 

»prefCTTcd. 
Hook  gages  are  principally  used  for  determining  the 
«Ifiv-atit)ns  of  the  water  surface  above  the  crest  of  a  weir, 
45  the  heads  of  water  are  small  and  must  ^ 

be  known  with  precision.     In  Fig.  356,         ^—    J^"';7 
Ibe  crest  of  the  weir  is  seen  and  the  hook 
pge  is  erected  at  some  distance  back 
frrwi   it,    where    the    water   sm"face    is    ff  *^      -~-^  j— J^ 
fevel    In  this  case  groat  care   should  ,^    ^  , 

he  taken  to  determine  the  reading  cor- 
ttsponding  to  the  levtl  oi  the  crest.  In  the  larger  forms  of 
lir«jfcs  this  may  be  done  by  taking  cle^'ations  of  the  crest 
nnd  of  the  point  of  the  hook  by  means  of  an  engineer's  level 
and  a  Kght  rod.  With  smaller  hooks  it  may  be  done  hy 
living  a  stiff  permanent  hoc>k,  the  elevation  of  whose  point 
[*ith  respect  to  the  crest  is  determined  by  precise  levels; 
water  is  then  allowed  to  rise  slowly  until  it  reaches  the 
It  of  this  stiiT  hookj  when  readings  of  the  vernier  of  tlie 
Iter  hook  are  taken.  Another  method  is  to  allow  a  small 
depth  of  water  to  flow  over  the  crest  and  to  take  readings 
of  the  hook,  while  at  the  same  time  the  depth  on  the  crest 

Knwasured  by  a  finely  graduated  scale.     Still  anotlier  way 
u>  allow  the  water  to  rise  slowly,  and  ti^et  the  hook  at 
the  water  level  when  the  first  filaments  pass  over  the  crest; 
method  is  not  ^  \'ery  precise  one  on  account  of  capillary 
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attraction  along  the  crest.  As  the  error  in  setting  the 
hook  ifi  a  constant  one  which  affects  all  the  subsequent 
observations,  especial  care  should  be  taken  to  reduce  it  to 
a  minimuin  by  taking  a  number  of  observations  in  order 
to  obtain  a  precise  mean  result. 

The  hook  gage  is  also  used  to  find  the  difference  of  the 
water  levels  in  tanks  for  experiments  for  tlie  determination 
of  hydraulic  cocilicieTilBf  and  in  wells  along  pipe  lines  when 
experiments  arc  made  to  investigate  Erictional  resistances. 
In  general  its  use  is  confined  to  casea  where  the  head  is 
small,  as  for  high  hcfids  so  great  a  degree  of  precision  is 
not  required  (Art-  65). 

Prob.  35,  A  wooden  tank,  4.52  by  5. 78  feet  in  inside  dimen- 
sions, has  leakage  near  its  base.  The  hook  gage  reads  J. 047  feet 
at  ti.57  A.M.,  1.47a  feet  at  ia.05  p.u,,and  0.938  feet  at  u  13  p.m. 
Show  tliat  the  probable  1cak3.ge  in  the  &rst  and  U^t  minutes  was 
1. 1^6  and  1-66  cubic  feet. 


Art,  36.     Pressure  Gages 

A  pressure  gage,  often  called  a  piezometer,  is  an  instni- 
ment  for  measuring  the  presstu^  of  \%"ater  in  a  pipe.  The 
form  most  commonly  found  in  the  market  has  a  dud  and 
movable  pointer,  tlie  dial  being  graduated  to  read  pounds 
per  square  inth.  The  principle  on  which  tlais  gage  act5 
15  the  snme  as  that  of  the  Kichard  aneroid  barometer  and 
the  Bourdon  steam  gage.  Within  the  case  is  a  small  coiled 
tube  closed  at  one  end^  while  the  other  end  is  attached  to 
the  opening  through  which  the  water  is  admitted.  This 
tube  lias  a  tendency  to  straighten  when  under  pressure 
and  thus  its  closed  end  moves  and  the  motion  is  cumniuni- 
cated  to  the  pointer;  when  the  pressure  is  relieved  the  tube 
assumes  its  original  position  and  the  pointer  returns  to  zero. 
Tliere  is  no  theoretical  method  of  determining  the  motion 
of  the  pointer  due  to  a  given  pressure,  and  this  is  done  by 
tests  in  which  known  pressures  are  employedi  and  accord- 
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the  di\Tsions  on  the  grnduated  scale  are  usually  un- 

These  gages  are  liable  to  error  after  having  been 

in  use  for  some  time,  especially  so  at  high  pressures,  £tnd 

henc^e  should  be  tested  before  and  after  any  important 

series  of  cxperimenls- 

In  most  hydraulic  work  the  head  of  water  causing  the 
pressure  is  xequired  to  be  knoi^T.  U  phc  the  gage  reading 
in  potinds  per  square  inch  the  head  of  w^ter  in  feet  is 
Jj—  s.;^Gip,  or  if  ^  be  the  gage  reading  in  kilograms  per 
square  centimeter,  the  head  of  -water  in  meters  is  h  =iop. 
Thi'  graduation  of  the  gage  fJial  may  be  made  to  read  heads 
directly*  so  as  to  avoid  the  necessity  of  reduction. 

The  pressure  at  any  point  of  a  pipe  may  bo  measured 
bv  the  height  of  a  column  o(  water  in  an  open  tube,  as  seen 

KA  in  Fig,  Ma.  The  upper 
lion  of  the  lube  may  he  of 
m,  &o  that  the  pusition  of 
the  prater  level  may  be  noted 
on  a  scale  held  alongside.  It  is 
not  necessary  that  the  water 
column  should  be  vertical^  and  —  '^^  ^=- 
a  hose  is  often  used,  as  seen  at  Fia-  3^" 

B,  with  a  glass  tube  at  its  top.  At  C  is  shown  a  dial  pres- 
fiure  gage.  When  the  head  /(  Is  directly  read  in  feet,  the 
pressure  in  pounds  per  square  inch  may  be  computed  from 
^=0.434^.  In  order  to  secure  precise  results  when  the 
wniCT  in  the  pipe  is  in  motion,  it  is  necessary  that  a  piez- 
ometer tulie  be  inserted  into  the  pipe  at  right  angles;  if 
incUned  toward  or  against  the  current  the  head  k  is  greater 
or  lets  than  that  due  to  the  actual  pressure  at  its  mouth. 

For  high  pressures  a  water  column  is  impracticable  on 

Jiiitt  <^£  its  great  height,  and  hence  mercury  gages  are 

Fig,  SGfi  shows  the  principle  of  construction,  a  bent 

tube  ylfiC  with  both  ends  open,  having  mercury  iii  its  lower 

I,  and  the  water  column  of  height  h  being  balanced 
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by  the  mcrt-ur)'  column  of  height  *-      If  the  atmospheni 


-h 


pressures  at  :4  and  C  are  the  same,  it  is  eWdent, 
from  Art.  5,  that  the  height  h  is  abcm  13.fr 
times  the  height  s,  since  the  specific  gravity  oC 
mercurj'  is  about  13,6.  Now  s  can  be  read  nrt 
a  scale  placed  between  the  legs  of  the  lube,  m 
and  tlius  /[  is  known,  as  also  the  water  [jrussure 
at  the  point  B.  If  the  atmospheric  pressi 
at  ,4  and  Caredifferent,  as  will  be  the  case  wheal 
h  is  very  large,  let  6,  be  the  barometer  readii 
at  A  and  &j  that  at  C,  both  being  in  the  same-l 
linear  unit  as  h  and  a-  The  absolute  pressure 
v  at  ff  is  that  due  to  the  height  sit-i-s'b^,  where 
fO  J  and  y  are  the  specific  gra^-ities  of  water  and] 
mercuryi  and  the  absolute  pressure  at  the  same 
elevation  in  theotheriegisthatdue  tothebeighfc 
Fio.  3*^b      s'{s+hi).     Since  these  pressures  are  equal, 

is  the  head  enrrespont^ing  to  the  distance  a  on  the  scaleJ 
The  ratio  s'/s  is  13,6  approximately,  its  actual  value  de-[ 
pending  on  the  purity  of  the  water  and  mercury  and  on  th&] 
temperature. 

Fig.  3Gc  shows  the  mercury  gage  as  arranged  fori 
measuring  the  jiressu re-head  at  a  pxjint  A  in  a  water  pipe,, 
The  top  is  open  to  iJie  air  and  through  it 
the  mercury  may  be  jraured  in,  the  cock 
E  being  closed  and  F  o]3cn;  the  mercury 
then  stands  at  the  same  height  in  each 
tube.  The  cock  F  being  closed  and  E 
opened,  the  water  enters  the  left-hand  tube, 
depressing  the  mercury  to  B,  causing  it 
to  rise  to  C  on  tlie  other  side.  The  dis- 
tance E  is  then  read  on  a  scale  between 
the  two  lubes,  and  the  height  of  B  above 
A  by  another  scide.  Thu  pressure  of  the 
water  at  5  is  that  due  to  the  head  13-6^,  and  the  pressi 
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at  A  is  that  due  to  the  head  y  +  13  -6"'  In  precise  work 
il  is  necessary  to  determine  the  exact  specific  gr;ivity  of 
the  mercury  and  water  at  different  temperatures,  so,  that 
precise  values  oE  Lh«  ratio  s'/s  may  be  known.  Tlie  value 
of  J"  depends  upon  the  purity  of  the  mercury  and  is  some- 
ULns&lower  than  13*56. 

For  very  high  pressures,  such  as  are  used  in  opczrating 

heavy  forging-presses,  the  mercury  column  of  the  above 

gige  would  be  so  long  as  to  render  it  impracticable,  and 

accordingly  c^the^  iRcthods  must  be  employed.     Fig.  35d 

Rprsrats  a  mercury  gage  constructed  on  the  principle 

y(  tbe  hydraulic  press  (Art.  10).      W  is  a  s-mall  cylinder 

5nto  which  the  water  is  admitted  through  the  small  pipe 

M  the  top,  and  Al  is  a  lai^e  cylinder  containing  mtrcury 

to  which  a  glass  tube  is  attached. 

Before    the   water    is    admitted 

rto  W  the  mercury  stands  at 

le  Wcl  of  ^  in  both  the  glass 

ibe  and  large  cj-linder,   if  tho 

ion    does    not    rest    on    the 

iry.     When    the    water    is 

admitted    its    pressure    en    IIjl- 

Bpper  end   of  the   piston   is   fni^ 

if  />  be  the  unit-pressure  and  a 

^  the  area  of  the  upper  end.     If  .4  be  the  area  of  the  lower 

^ftod  of  the  piston  the  total  pressure  upon  it  is  also  pa^ 

^BncI  hence  the  unit- pressure  on  the  mercury  surface  is 

9f.a/A,  and   this  is  lialancod  by  the  column   of  height  s 

in  the  glass  tube.     For  example,  suppose  that  A  =  3ooa, 

then  the  unit-iJTessure  on  the  mercury  surface  is  0.005^^; 

farther,  if  s  be  60  inches,  the  unit-pressure  at  B  is  about 

3XJ4-7-S9-4  pounds  per  square  inch  (Art,  5),  and  ac- 

confingly    the    pressure    in    11^    is    p  =  200X29.4  —  5S80 

pounds  per  square  inch,  wbvch  corresponds  to  a  head  of 

iter  of  about  ij  550  feet. 
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Prr»b-  36,  The  diameter  of  the  large  end  of  the  piston  in  Uie 
last  figure  is  15  inches,  and  the  diameter  of  the  mercury  column 
is  1  inch-  Find  the  distance  Ihe  piston  is  depressed  when  the 
mercury  rises  60  inchesn  What  is  the  total  prefisurc  on  the 
piston  f 

Art.  37.     Differential  Pressure  Gages 

A  differential  gage  is  an   mstnmient   for  measuring 
differences  of  heads  or  pressures,  and  tliis  must  be  frequent- 
ly done  in  hydraulic  work.     One  of  the  simplest  forms 
is  that  seen  in    Fig,  37a    where  two 
water    columns    from    A    and    D    are 
brought  to  the  sides  of  a  common 
scale    upon    which    the    difTerence    of 
height  BC  is  directly  read.     A  better 
-:^   form   is   one   haxing  two   glass    tubes 
^     '  ~^^  fastened  to  a  scale,  these  tubes  being 
„     „  provided  with  attachments  upon  which 

can  be  screwed  the  hose  leading 
from  the  pipe.  With  these  forms,  howev'er,  large  heads 
cannot  be  managed,  even  if  their  difference  be  small,  and 
hence  the  mercury  gage  was  devisedn 

Fig-  376  shows  the  principle  of  the  mercury  differential 
gage.*  Two  parallel  tubes  are  open  at  the  lop,  and  here 
the  mercury  is  poured  in,  tbe  cocks  E  and 
F  being  open  and  A  and  C  closed;  the  mer- 
cury then  stands  at  the  same  height  in  each 
tube.  The  cocks  E  and  F  being  uow  closed 
and  A  and  C  opened,  the  water  enters  at 
A  and  C,  and  the  mercury  is  depressed  in 
one  tube  and  elevated  ia  the  other.  Let 
tbe  pressure  at  B  be  that  due  to  the  hciid 
h^,  and  the  pressure  at  C  be  that  due  to  the 
head  hj.  and  let  h,  V*  greater  tjian  h^;  also  let  the  distani 

*  For  1I1V    dvliiili  of  canilrucliiiD  ^ef  paprf  by   Kaichlicif  in  Tiausto- 
tioa*  American  Sjotty  o(  Civil  EnHin^rs,  i»9»,  voL  if>.  p.  ^^. 
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fead  cm  the  scale  between  the  two  tubes  be  s.  Then 
^I'hj-^i^.tz,  or  the  difference  of  the  heads  of  water  on 
i^  aod  C  is  /j,— ^3  —  13.6^.  Thus  if  s  he  1.405  feet,  the 
difference  of  the  heads  is  19.1  feet.  Here,  as  for  the  mer- 
cury gage  of  Art-  31i,  the  specific  gravity  of  tlie  mercury 
and  water  must  be  known  for  different  temperatures, 
or  compaj4sons  of  the  instrument  with  a  standard  gafiC 
mill  be  made. 

When  the  difference  of  the  heaths  is  sma]l  the  water 
fage,  explained  in  the  first  paragrapli,  cannot  measure 
it  with  precision,  espocially  whun  the  cohimns  are  subject 
to  csdllations.  To  increase  the  distance  between  B  and 
Caiid  iit  the  same  time  decrease  tlie  amount  of  osciOation, 
the  oil  differentiid  gage,  invented  by  Fljid  in  1885,  may 
te  used.  Fig.  37*r  shows  the  principle  of  construction.* 
Tlie  cocks  .4  and  D  being  closed  iinjl  F 
open,  sufficient  oil  is  poured  in  at  F  to 
foniiilly    fill    the    two    tubes.     Then    F   is 

^^  closed  and  the  water  ndmittJ^d  at  A  and 

^P  D,  when  it  rises  to  li  in  one  tube  and  to 
C  in  the  other,  the  oil  filhng  the  tubes 

kiboit  the  water.  Let  J  be  tlie  specific 
gravity  of  the  water  and  s'  that  of  the 
oiJ,  let  A 1  be  the  head  of  witter  on  B  and 

that  on  C,  then  sht^shi—s'^,  whence  h^—h^^{s'/s)i. 

ne  oil  having  a  specific  gravity  of  rtbout  079  11  gon- 

used,  and  if  the  specific  gravity  of  the  water  be  unity, 

e  difference  of    the   heads  is  o-7g;.     Tfius  2  is  greater 

hj  —  h,.  and  hence  an  error  in  reading  ^  produces  a 

Iter  error  in  h^-h^.    The  specific  gravities  of  the   oil 

water  must  be  determined,   however,   so  that  ^/s 

be  cT^pressed  to  four  significant  figures  when  precise 

work  on  low  heads  is  10  be  done. 

*  P<tf  tbc  deiail>i  src  pupcF  hy  ^'illiarriB,  HubbcU,  and    FcnkcQ  in 
Tmuacticois  cf  Anicncati  Sifcieiy  of   Civil  Engineers,  I^OJ,  voL  47, 
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Tho  difference  of  head  h^—h^.  determined  by  these 
diiTerential  gages,  is  the  differentre  of  tlie  heads  due  to 
the  pressTjre  at  the  water  levels  E  and  C.  The  difference 
o£  the  actual  fieads  at  the  points  of  connecdon  with  the 
pipe  under  lest  is  next  to  be  determined.  Fig.  37^  shows 
a  mercury  gage  set  over  a  water  pipe  for  the  purpose  of 
determining  t]ie  loss  of  head  due  to  a  valve,  the  velocity 


< 


Fig.  Zld 

of  the  water  being  high,  so  that  the  difference  of  p 
at  A  and  D  i&  kige.  Fig.  37^  shows  an  oil  £age  set  over  j 
a  aimiUir  y>ipe,  the  velocity  being  low,  so  that  the  difTerence  I 
of  pressure  is  small.  Let  a  horizontal  plane,  represented 
by  the  broken  line,  be  drawn  through  the  aero  of  the  scale 
of  the  ga^c,  and  let  d  be  the  distance  of  this  plane  above 
the  horizontal  pipe.  Let  h  and  c  be  the  readings  of  this 
scale  at  the  water  levels  B  and  C  in  the  gage  tul>es,  the 
difference  of  these  readings  being  s.  Let  h^  and  ftj  be  the 
pressure -heads  on  3  and  C,  and  /J,  and  //,  those  on  A 
and  D.  Then  H^-=h^-vb-\-d  and  //,— ft,-i-c+<i,  ai^d  the 
difference  of  these  heads  is 

which  is  applicable  to  both  kinds  of  difTerential  gages. 
For  the  mercury  gage  the  head  h^  —  h^  equals  13,63,  while 
the  value  of  6— ;:  is —^;  hence 


Ki— i/j  — 13.6Z— F-ij.fii 
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ForthP  oil  gage  li^—  hj  is  -  o.;^^,  while  b  —  c  is  t,  hence 

Hi  —  Hj—  —  C79C+B— o.aia 

In  ^neral.  if  s'  be  the  ratio  of  the  specific  gravity  of  the 
riSTOiry  or  oil  to  that  of  the  waltr.  the  di^fervnce  of  the 
jii-asure'heads  at  .4  and  D  which  is  the  loss  of  head  due 
lo  tlie  valve,  is  [s'  -i)z  for  the  mercury  gag^  and  ii—s'^z 
for  Ihe  oil  gage. 

The  principle  of  the  mercuw  gage  c^  also  be  applied 

to  the  nicitsurement  of  small  diHerences  o£  head  by  using 

a  liquid  having  a  siKt'ific  gravity  but  little  heavier  than 

■TatcT,    Thus  Cole,  in  1S97,*  employed  a  mixture  of  carbon 

Eetrachicrride  and  gasohne  which  had  a  specific  gravity  of 

1.15:  for  this  mixture  //,  — //j  equals  0,253,  or  s  is  four 

times  the  head  //i— /J,,  and  accordhigly  when  H^—Hj  is 

small  The  error  in  determining  it  by  the  reading  z  is  greatly 

diminished.     It  may  be  also  noted  that  when  tlie  tube  or 

pipe  i&  not  horizontal  the  expressions  (j'  -  i  )s  and  ( i  —s'}9 

gi^-e  the  loss  of  head  between  the  two  points  ,4  and  D, 

Altboug:h  the  difference  of  the  actual  pressure-heads  may 

tw  grebter  or  less  according  as  A  is  lower  or  higher  than 

(Art.  62), 


pToti-  37.  In  the  case  of  Ftg.  ^Id  let  the  po[nt  D  be  lower 

faan  A  by  0.45  feet,  and  let  the  reading  ,;  he  0.127  '^"^t-     Show 

Ujat  the  pressure-head  at  j1  is  1.15  feet  greater  than  that  at  U, 


Art.  3S,     Wateh  Meters 


^B  Meters  used  for  measuring  the  quantity  of  water  sup- 
^Llied  to  a  house  or  factory  are  of  the  displacement  type, 
^Biat  \s,  as  the  water  passes  through  the  meter  it  displaces 
PKr  moves  a  piston,  a  wheel,  or  a  valve,  the  motion  of  which 
is  coiniiiumcated  through  a  train  of  clock  wheels  to  dials 
fthetc  the  quantity  that  has  passed  since  a  certain  time 


Ti^nuctioos  American  Scjdeiy  Civii  Engineer^  1901,  vol  47,  p.  ^76. 
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is  registcrffll.  There  is  no  theoretical  way  cf  determining 
-whether  or  not  the  readings  of  the  dial  hands  are  correct, 
but  each  meter  must  Vie  rated  by  meaaiuiiig  the  discharge 
in  a  tank-  Several  meters  may  he  placed  en  the  sarnc  pipe 
line  in  this  operation,  tlte  same  discharge  then  passing 
thnrugh  each  of  them.  When  inijntre  water  passes  through 
a  meter  for  any  length  of  time  deposits  are  liable  to  impair 
the  accuracy  of  its  readings,  and  hence  it  slaouJd  be  rerated 
at  interval?;. 

The  piston  meter  is  one  in  which  the  motion  of  the  water 
causes  two  pistons  to  move  in  opposite  directions,  the  water 
lea^Hng  and  entering  the  cylinder  by  p<jrts  which  are  cppcnod 
and  closed  by  slide  vaK'es  somewhat  similar  to  tliose  used 
in  the  steam-engine.  The  rotary  meter  has  a  wheel  en- 
closed in  a  case  so  thai  it  is  caused  to  revolve  as  the  water 
passes  through.  The  screw  meter  has  an  encased  helical 
surface  that  revolves  on  its  iixis  as  tlie  water  enters  at  one 
end  and  passes  out  at  the  other.  The  disk  meter  has  a 
wabbling  disk  so  arranged  that  its  motion  is  cominunjcatetl 
to  a  pin  which  moves  in  a  ciicle.  Jii  till  these,  and  in  many 
other  forms,  it  is  intended  that  the  motion  given  to  thfc 
pointers  on  thedials  shall  be  proportional  to  the  volume  of 
water  piissingthnnightlie  meter.  The  dials  may  be  arranged 
to  read  either  cubic  feet  or  gallons,  as  may  be  required  by 
the'  consumers.  These  meters  are  of  dilTerent  sizes,  accord- 
ing to  the  quantity  nf  water  required  to  be  registered,  and 
the  capacity  of  the  largest  size  is  about  200  cubic  feet  per 
minute. 

The  Venturi  meter,  named  after  the  dbtinguished 
hydrjulician  who  first  exjierimented  on  the  principle  by 
which  it  operates,  ^vas  invented  by  Herschel  in  iSSj.* 
Pig  3Stish(n,vsa  hr>rizontal  pipe  having  an  area  a,  at  eacK 
end,  and  the  central  part  contracted  to  the  area  ci,,  with. 
two   small  piezometer  tubes  into  which    the   water   rises.. 


*  TruisactivDb  Amtrican  Suciet>  Civil  ^njpaetis^  i897,  vol.  i~.  p.  23S, 
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Whwi  there  is  no  flow  the  water  stands  at  the  same  level 

in  these  two  colunins,  but  when  it  is  in  motion  the  heights  of 

Ihe&e  colun^ns  above 

the  fliis  of  the  pipe 

are  hi  and  hj.     Let  v^ 

wd  r,  be  tbc  mean 

velocities  in  the  two 

cruES-fiections-     T!ien 

k  Art.  25  the  effett-  ^^-  ^^ 

irt  head  in  the  upper  section  is  hj^-\-v,'/2g.  and  that  in 

Ibe&mall  section  is  /ja+^aV^S!   'f  there  be  no  losses  caused 

hv  friction   these    two    expressions    must   be  equal,   and 

fence  by  the  theorem  of  (32),, 

N'owlet  Q  be  the  discharge  through  the  pipe,  or  0=aii'j 
iodalso  Q^Ojifj.  Taldng  tTie  values  of  u,  and  i',  from  these 
etpressions,  inserting  them  in  the  above  equation,  and 
»lving  for  Q  gives 


(38) 


I 


which  may  be  called  the  theoretic  dischai^e.     Owing  to 

friciional  losses  which  occur  between  the  two  cross -sections 
the  actual  discharge  q  is  always  less  than  Q,  or  q  =  cQ.  in 
which  c  is  a  coefbdent  whose  value  genemlly  Hl^s  bftween 

■,45  and  o.go.  To  determine  g,  when  the  coefficient  is 
,  it  35  hence  only  necessary  to  measure  the  difference 

,  — Aj,  and  then  compute  Q  by  formula  (*^S)- 

The  Venturi  meter  is  used  for  measuring  the  dischai^e 
thn:«ngh  water  mains  of  six  inches  or  more  in  diameter. 
The  contracted  area  is  usually  one-ninth  of  the  area  of  the 
^Bijtc  and  hence  the  velocity  thmugh  it  is  nine  times  that 
Whi  Uie  pipe>  The  two  columns  ol  water  in  practice  are  led 
to  a  mercury  gage  wliere  the  diHerence  of  head  hi  —  hj  is 
shewn  by  the  difference  in  level  of  the  two  mercury  col- 
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umns  (i\rt.  36).  A  scale  with  unequal  divisions  enables 
the  discharge  q  to  be  read  at  a  glance,  ard  a  continuous 
record  of  the  same  is  also  made  by  an  automatic  register- 
ing device.  This  meter  is  extensively  used  for  measuring 
the  quantity  of  water  flo^xTng  from  a  reserx'oir,  or  that 
delivered  to  a  town,  and  its  capacity  is  far  greater  than 
that  of  any  other  form  yet  devised. 

All  meters  cause  a  loss  in  pressure,  so  that  the  pressure- 
head  in  the  pipe  beyond  the  meter  is  less  than  that  in  the 
pipe  as  it  enters  the  meter.  This  is  due  to  the  energy  lost 
in  overcoming  friction.  For  a  Venturi  meter  of  the  pro- 
portions indicated  above  the  loss  of  head  in  feel  is  about 
0,0021^',  where  v  is  the  velocity  in  the  contracted  section 
in  feet  per  second.  Thus,  if  the  velocity  in  a  water  main 
be  3  feet  f>er  second,  the  velocity  in  the  contracted  section 
will  be  77  feet  per  second,  and  the  loss  of  pressure-head 
due  to  the  meter  is  about  1.53  feet. 

Another  method  of  gaging  the  flow  of  a  pipe  is  by  means 
of  the  Fitot  tube  (Art.  41)  and  a  differential  gage,  whereby 
the  velocity  is  determined  by  measurement  of  a  head  of 
water-  Tliis  apparatus  is  called  the  pitometer,  and  it  has 
the  advantage  that  httle  or  no  loss  of  head  results  from  the 
introduction  of  the  tube  into  the  pipe,  but  careful  rating 
is  necessary  in  order  that  recorded  discharges  may  be 
correct. 

Prah.  3S.  A  li-inch  pipe  delivers  810  gallons  per  minute 
through  a  Venturi  mister.  Compute  the  mean  velocities  in 
the  sections  a,  and  Uj.  \i  the  pressure-head  in  u ^  is  ai,4  feet 
compute  the  pressure-head  in  Oj. 

Art.  39,     Measurement  of  Velocity 

In  Chapter  III  the  velocity  of  fl.ow  from  an  orifice. 
in  a  tube  or  pipe,  was  regarded  as  uniform  over  the  croBs- 
section.  If  a  be  tliat  area,  and  v  the  uniform  velocity,  the 
discharge  \sq=av\  hejice,  if  cr  and  if  can  be  found  by  meas- 
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uremenl  q  is  tnown.  In  fact,  however,  the  velocity  varies 
h  different  parts  of  a  cross-section,  so  that  Ihe  detemin- 
aiiMi  af  V  cannot  be  directly  made.  Yet  there  always  is 
a  certain  value  for  v,  which  multiplied  into  a  will  give  the 
actual  discliarge  q,  ;uid  this  value  is  called  Ihe  mean  velocity. 

In  the  case  of  a  stream  or  cpen  channel  the  velocity  is 
much  fess  along  the  sides  and  bottom  than  near  the  middle, 
A  Tough  determinatioa  of  the  mean  velocity  may  be  made, 
liowever,  by  observing  the  greatest  surface  velocity  by  a 
floQt,  and  taking  eight-tenths  of  this  for  the  approximate 
fnean  velodty.  Thus,  if  the  float  requires  50  seconds  to 
nm  no  feet,  the  mean  velocity  is  about  t.g  feet  per  second; 
then  if  the  cross-section  of  the  stream  be  Sao  square  feet 
tbe  approximate  discharge  is   1560  cubic   feet  per  second. 

The  practical  object  of  determining  the  mean  velocity 

is,  in  nearly  all  cases,  to  determine  the  discharge,  but  as 

a  nile  the  mean  velocity  cannot  be  directly  observed. 

A  knowledge   of   its   value,   however,    is   necessary   in   all 

branches  of  hydraulics,   since  hydraulic  coefficients  and 

fcrmulas  are  based  upon  it.    Accc^rdingly,  many  experi- 

jncDts  have  been  made  upon  small  orifices  and  pii>es  by 

catching  the  flow  in  tants  and  thus  determining  q,  then 

the  mean  velocity  has  been  computed  from  v*^q/a.     This 

l^pnvess  has  been  extended,  by  indirect  methods,  to  large 

^fcgrifices  and  pipes,  and  finally  to  canals  and  rivers. 

^1  A  common  method  of  finding  the  discharge  of  a  stream 
is  to  subdivide  the  cross-section  into  parts  and  determine 
tljcir  areas  a„  Oj,  etc, 
sum  of  which  is  the 
tal  area  ti.  Then,  if 
.  v^  etc.,  be  the  mean 

lodtjcs  in  these  areas,  fic.  3fti 

il    if    these    be    deter- 
mined  by  observations,  the  discharge  is 

5-a4i'i+ajtJ,+a,i',+etc.  (39) 
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Here  the  mean  velocities  may  be  roughly  found  by  observ- 
ing the  passage  of  a  surface  float  at  the  middle  of  eacli 
subdivision  and  multiplying  this  surface  velocity  by  0,9. 
There  are,  however,  more  pyecJsc  methcxis,  one  of  %\'liich 
will  be  explained  in  Art.  40.  while  otliers  will  be  described 
in  Chapter  X,  When  q  has  been  found  in  this  manner 
the  DieaiL  velocity  of  the  stream  may  be  computed,  if 
desired,  by  v==qfa. 

Formula  (39J  applies  also  to  a  cross-section  of  any 
kind.  Thus,  let  the  pipe  of  Pig,  30^  be  divided  by  con.-, 
centric  circles  into  the  areas  a^,  a,,  a,,  fl„ 
and  let  the  mw*n  velocities  -y,,  v^,  v^.  r,, 
be  determined  by  obser^-jition  for  each  of 
these  areas;  the  liischarge  q  is  then  given 
by  (39).  Again,  in  the  conduit  of  Fig, 
118,  let  a  velocity  observation  be  taken 
at  each  of  the  9;  points  marked  by  a  dot, 
these  points  being  uniformly  spaced  over  the  cross-section, 
so  that  each  of  the  areas  a^,  Uj,  etc.,  may  be  regarded 
as  Ail-     Then  from  (39)   the  discharge  is 

ofv  is  the  sum  of  the  individual  velocities  divided  by  97, 
In  general,  if  n  cross-section  be  divided  into  «  ei|ual 
pans  the  mean  velocity  is  the  average  of  the  h  observed 
velocities-  This  result  is  the  more  accurate  the  greater 
the  number  rif  parts  into  which  the  cross -section  is 
divided-  If  tlie  number  of  parts  be  infinite  and  the  water 
passing  through  each  be  called  a  filament,  the  mean  veloc- 
ity may  be  defined  as  the  average  of  the  velocities  of  all' 
the  filaments. 

Prob-  39,  A  water  pipe,  3  inches  in  diameter,  is  divided  into! 
three  parts  by  coin^cntric  circles  whose  diameters  are  1,  1,  audi 
3  inches.  The  mean  velocitiiis  in  lUei^e  parts  arc  foun^I  to  be' 
[),2,  4.S,  and  3,0  feet  per  second.  Compute  the  discharge  andj 
Uieiui  velocity  for  the  pipe. 
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Art,  40,     The  Current  IEeter 

In  i7go  the  German  hydraulic  engineer  Woltmann 
invented  an  apparatus  for  measuring  the  velocity  o£  flow- 
ing water  which  ^vas  later  improved  by  Darcy  and  others, 
inui  is  now  extensively  used  for  streams  and  open  channels. 
This  meter  is  Tike  a  windmill,  having  three  or  more  vaues 
Kotinled  on  a  spindle,  and  so  arranged  that  the  face  of 
llic  wheel  always  stands  ncirmal  t^J  the  current,  Ihc  pressure 
"Ewliicb  causes  it  to  revolve.  The  number  of  revtilutions 
flfiiie  whetl  is  approximately  prifportional  to  the  velocity 
*ii  ihe  current.  In  the  best  forms  of  instruments  the 
number  of  revolutions  ma<le  in  a  given  time  is  determined 
by  an  apparatus  on  shore  or  in  a  boat  from  which  wires 
tsij  to  the  meter  under  water;  at  every  revolution  an 
Efcrtrit"  connection  is  mude  and  l>rokeTi  which  affects  a 
JiftloD  tlie  recording  apparatus.  The  observer  has  lience 
^y  to  note  the  time  oC  be^^inning  and  ending  of  the  ex- 
pmmCTit,  and  to  reiid  the  number  of  revolutions  which 
knp  occurreii  dtiring  the  inter\'al.  For  a  canal  or  small 
itiieam  the  mettr  is  best  operated  from  a  bridge;  in  large 
flrtams  a  boat  must  be  used. 

Fig.  40a  shows  the  recording  dial  of  a  current  meter 
which  should  be  supposed  to  be  on  a,  bridge  or  in  a  boat 
with  an  electric  battery.  Fig,  406  shows  the  Price  current 
mcCer.  a  form  extensively  used  in  the  United.  State's, 
\aad  the  wires  connecting  the  dial  and  battery  tire  seen 
nm  down  the  standard  to  the  revolving  wheel  where 
K  electric  current  is  broken  at  each  re^-oiution.  The 
ips  or  vanes  are  kept  facing  the  current  of  the  stream 
*y  means  of  the  cross-shaped  rudder.  At  the  lower  end 
'of  the  standard  Is  a  heavy  letid  weight  which  serves  to 
^kcep  the  standarrl  in  a  vertical  position.  At  the  npp<ir 
Hpnd  al  the  standard  is  seen  the  vertical  wire  which  is  held 
^ciy  the  observer  un   the  bridge,  while  tlie  inclined  line 
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represents  a  cord  that  is  ajmelimes  used  to  give  steadiness 
to  the  meter, 

A  current  meter  cannot  be  used  for  determining  the 
velocity  in  a  small  trough,  for  the  introduction  of  it  into 


Fig,  40t 

the  cross-section  would  contract  the  area  and  cause  a 
change  in  the  velocity  in  front  of  the  wheel.  In  large 
conduits,  canals,  and  rivers  it  is,  however,  one  of  the  most 
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convenient  and  accurate  instruments-  By  holding  it  at 
a  fixt-d  positiun  below  the  surface  the  velocity  at  that 
point  is  found;  by  causing  it  to  descend  at  a  uniform 
mte  from  surface  to  T>otlom  the  mean  ^ekicity  in  t})at  ^^er- 
tkal  is  obtained;  and  by  passing  il  at  a  uniform  rate  over 
aU  parts  of  the  cross-section  of  a  channel  the  mean  velocity 
r  is  directly  determined.  It  is  usually  attached  to  the 
end  of  a  long  chain  or  pole,  which  is  graduated  so  that 
tbe  depth  of  the  meter  below  the  water  surface  can  be 
directly  read  * 

To  derive  the  velocity  of  the  water  from  the  number 
iti  recorded  revolutions  per  second,  the  meter  must  be 
first  rated  bv  pushing  it  ill  a  known  %'elocity  in  still  water. 
Tlie  best  place  for  doing  this  is  in  a  navigation  canal  where 
the  water  h^s  no  sensible  velocity,  or  in  a  pond,  A  Lrack 
is  built  along  the  bEmk  on  which  a  small  car  car  be  moved 
at  a  known  velocity,  and  on  this  car  the  observer  holds 
the  meter  in  the  water  tit  the  end  of  a  pole  and  records 
the  number  of  re\"aIulions  made  and  the  time  elapsed  in 
passing  over  a  ceriein  distance.  The  lowest  velocity  of 
the  car  should  be  about  0.2  feet  per  second,  and  the  highest 
about  10  feet  per  second.  It  is  always  found  that  the 
number  of  revolutions  per  minute  is  not  exactly  prc>- 
portional  to  the  velocity  of  the  car,  and  hence  when  the 
meter  is  placed  stationary  in  running  water  the  velocity 
.*f  the  water  is  not  proportional  to  the  mmiber  of  revo- 
lutions per  second. 

From  these  observations  there  is  prepared  a  rating 
table  showing  the  velocity  of  the  water  corresponding  to 
number  of  revolutions  in  a  minute  or  other  given  time. 

nmke  such  a  table  the  known  velocities  uf  tlie  ear  are 
t:tken  as  abscissas  on  cross-section  paper  and  the  numbers 
of  revolutions  as  ordinates,  and  a  point  is  plotted  corre- 
sponding to  each  observatitm,     A  mean  curve  may  then. 

■See   V.   S    Gtcilo^dflJ  Survry'4  Walcr  Supply  nnd   Irri^tion   Pdprm, 
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be  drawn  to  agree  as  closely  as  possible  wth  the  plotted 
pointer,  and  fiom  this  curve  the  velocity  corresponding 
to  any  nuTTiher  of  re^t>lution3  can  be  taken  off.  TJiis 
cur\'e  may  also  be  expressed  by  an  equation  of  the  form 
V^a-\-bn-i-£H',  ill  which  V  is  the  velocity  of  the  car  in  feet 
per  second  and  n  the  number  of  rcvoltitioqs  of  the  meter 
per  minute :  and  by  the  help  of  the  Method  of  Least  Squares 
the  constajits  a,  b,  and  c  may  be  computed  (Ait.  42J. 

Prob.  40,  Tfx  order  to  rate  a  certain  currtnt  meter,  three 
observations  were  taken  in  still  water,  as  follows: 

Velocity  oEthe  car  =a.o      j.8       7.4  feel  per  second 

Revolutions  per  minute  —  30        60       lao 

Plot  Lliese  observations  on  cross-section  paper  and  deduce, 
without  lising  the  Method  of  Least  Squares,  the  relation  be- 
tween V  and  n. 

Art,  41-     The  Pitot  Tube 

About  1750  the  French  hydraulic  engineer  Pilot  in- 
vented a  do\'ice  for  measuring  the  velocity  in  a  stream 
by  means  of  the  velocity-head  which  it  will  produce.  In 
its  simplest  form  it  consists  of  ^  bent  tube,  the  mouth  o[ 
which  IS  placed  so  as  to  directly  face  the  current.  The 
water  then  rises  in  the  vertical  part  of  the  tube  to  a  height 
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k  above  the  surface  of  the  flowing  stream,  and  this  height 
is  theoretically  equal  to  rVag.  so  that  the  actual  velocity 
V  is  in  practice  approsimutely  equal  to  VajA.  As  con- 
Btmcted  for  use  in  streams,  Pitot's  apparatus  consists  of 
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two  tubes  placed  side  by  side  with  their  submerged  mouths 
at  right  angles,  so  th-it  w>ieii  one  is  opposed  to  the  current, 
A£  se^n  in  Fig.  Alb,  tho  other  stands  normal  to  it^  and  the 
water  surface  in  the  latter  tuLie  hence  is  at  tlie  tame  Ipvttl 
AS  that  of  the  streaTn.  Both  tubes  arc  provided  with  cocks 
which  may  be  closed  while  the  inslnimeot  is  immersed, 
and  it  can  be  then  lifted  fr<^m  the  water  arid  the  head  /'  be 
rcfid  at  leisure-  It  is  found  that  the  actual  velocity  is 
always  less  than  Vigh,  and  that  a  coefficient  must  be  de- 
duc<rd  for  eat-h  instrument  by  moving  it  in  still  water  at 
known  velocities.  Pitot's  tube  has  the  odv-antage  that 
no  time  observation  Js  needed  to  determine  tlie  velocity, 
but  it  has  the  disadvantage  that  the  distant:e  h  is  usually 
very  small,  so  that  an  error  m  reading  it  has  a  large  in- 
fluence. Although  the  instrument  was  improved  by  Darcy 
in  1S56  and  used  by  him  for  some  stream  measurements, 
it  was  for  a  long  time  regarded  as  having  a  low  degree  o£ 
precision - 

In  1888  Freeman  made  experiments  on  the  distribution 
of  velocities  in  jets  from  nozzles,  in  which  an  improved 
fr>rm  of  Pitot  tube  was  used.*  The  point  of  the  tube  facing 
the  current  was  the  tip  of  a  stylogiriphic  pen,  the  diameter 
(»(  the  opening  being  about  0.006  inches.  This  jxiiiit  was 
intPoduc<.-d  into  different  parte  of  the  jet  and  the  pressure 
caused  in  the  tube  was  measured  by  a  Bourdon  pressure 
gage  reading  to  single  pounds.  The  velocities  of  the  jets 
were  high;  for  example,  in  one  series  of  observations  on 
a  jet  from  a  li-inch  noKle.  the  gage  pressures  at  the  cen- 
ter and  near  the  edge  were  51.2  and  18.  v  ixjunds  per  square 
iochi  which  correspond  to  velocity-heads  of  118. j  aod  42,0 
fast,  or  to  velocities  of  87,3  and  5J.0  feet  per  second.  By 
cotnptiting  tlie  mean  velocity  oE  the  jet  from  measurements 
in  o*iicentric  rings  (Art.  39)  and  also  from  the  measured 
dischar^i^.  Freeman  c^jncluded  that  any  velocity  a;^  deter- 
mined  by  the  tube  was  smaller  than  that  computed  from 

■  TrBB*^A'^Uoii9  American  Sociffly  Civil  EDginEwm^  iBSj,  vol  31,  p,  413, 
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v  —  '^igh  by  less  than  one  percent.  This  investigation 
established  the  fact  that  the  Pitot  tube  is  an  instrument 
of  great  precision  for  the  measurement  of  high  velocities. 

Experiments  on  the  flow  of  water  in  pipes,  in  which 
Pitot  tubes  were  successfully  used,  were  made  in  1S97  by 
Cole  at  Terra  Haute,  and  in  189S  by  Williams,  Hubbeii, 
and  Fenkell  at  Detroit.*  In  the  Detroit  experiments  the 
tube  was  introduced  into  the  pipe  through  an  opening  pro- 
vided with  a  stufRng-boK,  so  that  the  point  of  the  tube 
might  be  placed  at  any  desired  position.  The  tubes  had 
openings  at  their  points  Vi-inch  in  diameter  and  other  open- 
ings of  the  same  size  on  their  sides  to  admit  the  static  pres- 
sure of  the  water.  These  latter  openings  led  to  a  common 
channel  parallel  to  that  leading  from  the  point,  and  each 
of  these  was  connected  to  a  rubber  hose  running  to  a  dif- 
ferential gage,  consisting  of  two  parallel  glass  tubes  open 
at  the  top,  where  the  difference  of  head  was  read  on  a  scale. 
In  order  to  be  able  to  deduce  the  velocities  in  the  pipe  from 
the  readings  of  the  gage,  the  Pitot  tubes  were  rated  bv 
moving  them  in  still  water  at  known  velocities  as  for  the 
current  meter  (Art.  40).  Thus  a  coefficient  c  was  de- 
rived for  each  tube  for  use  in  the  formula  v  —  cVQgk. 
This  coefficient  was  found  to  range  from  0.86  to  0,95  for 
different  tubes,  and  it  was  shown  that  it  varied  but  little 
with  the  velocity.  By  these  tubes  it  was  found  possible 
to  measure  velocities  ranging  from  1  to  6  feet  per  second 
with  a  higher  degree  of  precision  than  had  ever  before  been 
anticipated. 

Prob.  4ia.  What  wiU  happen  if  the  point  of  a  Pitot  tube  be 
turned  down  stream? 

Prob,  41fe.  If  the  height  h  in  Fig. 41a  is  0.169  meters  and  the 
velocity  v  i5  known  to  be  1.65  meters  per  second,  show  that  the 
coefficient  of  the  tube  is  0.91. 

•  TiansactioEU  American  Society  of  Civil  Engineeia,    1901,  vol,  47,   pp, 
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Art.  42.     Discussion  op  Observations 

An  observation  is  the  rocorded  result  f>f  a  measuremeTit- 
AIJ  measuremenls  are  aflected  with  errors  due  to  imper- 
fectiana  of  the  instrument  and  Uxck  of  skill  of  the  observers, 
a.iJ  ihe  recorded  results  contain  these  errors.  Thus,  if 
ioj.&.oa,  G.oi.  and  6.04  inches  be  four  observations  on  the 
diameter  of  an  orifice,  all  of  these  cannot  be  correct  and 
probably  each  is  in  error.  The  best  that  can  be  done  13 
lo  lake  the  average  of  these  observations,  or  5.03  inches, 
at  the  most  probable  risult,  and  to  use  this  in  the  compu-* 
tatiotis. 

Aq  obser^Tr  :s  o£ten  templecl  to  reject  a  measurement 
whtT!  Tt  differs  from  others,  but  this  can  only  he  allowed 
ffben  he  is  convinced  that  a  mistake  has  been  made.  A 
mistake  is  a  large  error^  due  generally  to  carelessness,  and 
juusi  not  be  confounded  with  the  small  accidental  errors 
of  ineastirement-  When  a  series  of  observations  :s  placed 
before  a  computer  he  should  never  be  permitted  to  reject 
one  of  them,  unless  there  be  some  remark  in  the  note-book 
^  which  casts  doubt  upon  it, 

IP      GTaphtcal  inethods  of  discussing  and  adjusting  obser- 
vations, like  that  mentioned  in  Art.  40,  are  of  great  value 
in   hydraulic    work.     As    another   example,  the    following 
observations  made  by  Darcy  and  Bazin  on  the  flow  of  water 
in  a  rectangular  trough*  1.812  meters  wide  and  having  the 


> 

;- 

s, 

£ 

,  .-i--^ 

.V- 

^ 

^i--'" 

1 

■ 

} 

i    J 

A 

is 

Val-va  oT  r 

liform  slope   0.049,  °^y  ^^  noted.     Water  was  allowed 
run  tJirough  it  with  varying  depths,  and  for  each  depth 
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the  mean  velocity  (Art-  39}  and  the  hydraulic  mean  depth 
(Art-  105)  was  delerrainetl  by  measurement  Let  v  be  the 
mean  velocity  and  r  the  hydraulic  mean  depth ;  then  five 
measuremeiits  gave  the  folbwing  observationBj  v  being  in 
meters  per  second  and  r  in  centimeters.     Let  it  be  assumed 
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that  the  relation  between  v  and  f  is  of  the  form  v  =  mr'*,  and 
let  it  be  required  to  determine  the  most  probable  values  of 
m  and  ». 

For  each  of  these  observations  a  point  may  be  plotted 
on  cross-section  paper,  taking  the  values  of  v  as  ordinate^ 
and  those  of  r  as  abscissas,  and  a  smoolh  curve  may  then 
be  drawn  so  as  to  agree  as  nearly  as  possible  with  the  points. 
Such  a  curve,  however,  ia  of  little  assistance  in  delemin- 
ing  the  values  of  m  and  n,  unless  the  curve  should  be  a 
stra^ht  hne  drawn  through  the  origin,  in  which  case  it  is 
plain  that  n  is  unity  and  that  m  is  the  tangent  of  the  an- 
gle that  the  line  makes  with  a:ds  of  abscissas.  In  this  case 
no  straight  line  can  be  diawn  approximating  to  the  points 
and  passing  through  the  origin,  but  the  plot  gives  the 
curve  shown  in  Fig.  -fcio.  If,  however*  the  logarithm  of 
each  side  of  the  assumed  formula  be  taken  it  becomes 

log  V— #f  logr+logni 

which  represents  a  straight  line,  if  logv  be  considered  as 
the  variable  ordinate  and  log  r  as  the  variable  abscissa,  log 
m  bt'ing  the  intercept  on  the  axis  of  ordinates  and  n  the 
tangent  of  the  angle  which  the  line  makes  with  the  axis 
of  al-^issas.  On  plotting  the  points  corresponding  to  the 
values  of  log  t'  and  log  ^  it  is  seen  that  a  straight  line  can 
be  draw-n  doselv  ^re^ing  with  the  points,  that  this  line 
cuts  the  AXIS  of  ordinales  at  a  distance  of  about  0.35  below 
the  origin  and  that  the  ungent  of  the  angle  made  by  it 
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wilh  the  axis  nf  Abscissas  is  about  0.55.     Hence  n  =0.55, 
log w-^  — 0.35  =  1.C15,  or  n/  =  o.446;   then 

is  fl.n  empirical  formula  fr  r  computing  the  mean  velocity 
in  Uiis  Irougli.  Using  the  above  values  of  r  and  computing 
those  of  V,  it  is  found  that  the  computed,  and  observed 
results  agree  fairly,   the  former  being  generally  a  httle 
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smaller,  which  is  due  to  the  fact  that  only  two  significant 
figtires  have  been  obtained  from  the  plot. 

There  is  a  process,  known  as  the  Method  of  Least 
Sqiuires.  by  which  the  constants  of  an  empirical  formula 
may  be  obtained  from  obscrvfiticns  ■vvilh  a  higher  degree 
of  precision  than  by  any  graphic  method.  Its  application 
to  the  above  ease  will  here  be  given.  Let  the  simultaneous 
values  of  log  v  nnd  log  r  for  each  experiment  be  placed  in 
the  logaiithmie  ft^rmula   as  follows: 

for  No.  1,  0.338  =  i,Dj7n-f log  m 

for  No.   5,  0.397  =  T.isSii -f  log  "* 

for  No,  3,  0.336  —  1,330^  +  105  tn 

for  No.  4,  o. 367^1. jS^rt  +  log  m 

for  No.   5,  0.391  —  i.3a6H  +  log  m 

These  five  equations  contain  two  unknown  quantities,  « 
and  log  "t.  but  no  values  of  these  can  be  found  tliat  will 
exactly  satisfy  all  the  equ;Ui(.ins-  Tlic.  best  that  can  be 
ckme  is  to  find  the  values  that  have  the  greatest  degree 
of  probability,  and  these  will  satisfy  the  equations  with 
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the  smallest  discrepancies.  To  do  tliis,  let  each  equation 
be  multiplied  by  the  coefficient  of  n  in  that  equation 
and  the  results  be  m^fied:  also  let  each  equation  be  multi- 
plied by  the  coefficient  cf  log  m  in  that  equation  and  the 
results  be  adJeil.  Thus  are  foand  the  two  normal  equa- 
tions containing  the  two  unknown  quantities: 

1,958 '-7.375«+6^og4  log  m 
1,635  —  6. 054*14-5. 000  log  m 

and  Ihe  solution  of  these  gives  n=-o.^-ji  and  log  m  = 
—  a. 366.  Since  -0,306  equals  1,634,  ihe  value  of  «i  is 
0,431,  and  then 

log  If --0.571  log  r  — 0.366     or     :.'=o.43H**^^ 
is  the  empirical  formula  for  this  particular  case. 

The  ilethod  of  Least  Squares  is  usually  nwre  laborious 
than  tlie  graphical  method,  but  it  has  the  great  advantage 
that  its  results  are  the  most  prubable  ones  that  can  be 
derived  from  the  given  data.  It  has  the  further  advantJige 
that  all  compulora  will  derive  the  same  results,  whereas 
in  the  grapliic  method  the  results  will  usually  differ,  l>e- 
cause  the  position  of  the  Hne  dra^Ti  on  the  plot  is  adccted 
by  the  ditTerent  degrees  of  judgment  and  experience  of 
the  rfrartamen.  It  will  be  seen  from  Fig,  425  that  it  is 
not  vi-ry  easy  to  determine  close  values  of  log  m  since  the 
points  are  so  far  away  from  the  origin. 

Prob.  42a.  Show  that  the  formula   r=o.43ir'"  reduces  to 
■y^j-Q?^"^.  if  r  be  iTi  melera  and  v  in  meters  per  second. 

Prob-  42b.  Shuw  that   tliis  formula  becomes   ^=9,94*"''  if 
r  be,  in  feet  and  r  in  feel  per  second. 

Prob- 42*:.  In  order  to  rate  a  certain  current  meter  four 
observaiions  were  taken  io  still  water,  as  follows: 

Velocity  of  the  car        0.7       a-4       4,7       9.3  ftct  per  steoad 
Revolutions  of  meter    18        60        lao      349\icr  mmute 
Find  ihe  values  uf  ii  and  h  in  the  formula  v=**i-^bn,  both  by 
plotting  tuid  by  the  method  of  Least  Squares. 
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CHAPTER  V 
FLOW  OF  WATER  THROUGH   ORIFICES 


Art.  43,     Standard  Orifices 

Orifices  for  the  measurement  of  water  are  usually  placed 
in  the  vertical  side  of  a  vessel  or  reservoir,  but  may  also 
be  placed  in  the  base.  In  the  former  case  it  is  understood 
that  the  upper  edge  of  the  opening  is  completely  covered 
with  water;  and  generally  the  head  of  water  on  an  orifice 
is  at  least  three  or  four  times  its  vertical  height-  The 
term  ** standard  orifice"  is  here  used  to  signify  that  the 
opening  is  so  arranged  that  the  water  in  flowing  from 
it  touches  only  a  line,  as  would  be  the  case  in  a  plate  of 
Tio  thickness.  To  secure  this  result  the  inner  edge  of 
the  opening  has  a  square  comer,  which  alone  is  touched 
by  the  water.  In  precise  experiments  the  orifice  may  be 
in  a  metallic  plate  whose  thick- 
ness is  really  small,  as  at  -4  in 
the  figure,  but  more  commonly 
it  is  cut  in  a  board  or  plank> 
care  being  taken  that  the  inner 
edee  is  a  definite  comer.  It  is 
■usual  to  beveh  the  outer  edges 
of  the  orifice  as  at  C,  so  tliat  the 
escaping  jet  may  by  no  possibility 
touch  the  edges  except  at  the  inner  comer.  The  term 
"orifice  in  a  thin  plate  ''  is  often  used  to  express  the  con- 
dition that  the  water  shall  only  touch  the  edges  of  the 
opening  along  a  line.  This  arran^f;cment  may  be  regarded 
as  a  kind  of  standard  apparatus  for  the  measurement  of 
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water,  for,  as  wijl  be  seen  later,  the  discharge  is  modified 
if  tlie  inner  comer  is  rouinled.  and  different  riegrees  of 
rounding  give  different  (Hschargea,  Orifices  arranged  as 
in  Fig-  43a  are  accordingly  always  used  when  water  is 
to  hG  fiioastired  hy  the  use  of  orifices. 

TKe  contraction  of  the  jet  which  is  always  obsen.-ed 
when  water  issues  from  a  standard  orifice  as  described 
above  is  a  most  interesting  and  important  phenomenon. 
It  is  duo  to  tlie  circumstance  that  the  particles  of  water 
as  the>^  approach  the  orifice  move  in  converging  directions, 
and  that  these  tlirections  C[:intim3e  to  converge  for  a  short 
distance  beyond  the  plane  of  the  orifice.  It  is  this  con- 
traction of  the  jet  that  ca.uses  only  the  inner  comer  of 
the  orifice  to  be  touched  by  the  cwaping  water.  The 
apjitLirante  of  such  a  jet  under  steady  flow,  issuing  from 
a  circular  criFice,  ii  that  of  a  clear  ci^stal  bar  whose 
beauty  claims  the  admiration  of  every  observer.  The 
convergence  due  to  this  cause  ceases  at  a  distance  from, 
the  plane  of  the  orifice  cf  abr^ut  one-half  its  diameter. 
Beyond  this  section  the  jet  enlarges  in  size  if  it  be  directed 
upward,  but  decreases  in  size  if  it  be  directed  downward 
or  horizotitally. 

The  contraction  of  the  jet  is  also  observed  in  the  case 
of   rectangular    and    triangular    orifices,   ils    cross-section 
n  fl       ^^^'"S  similar   to   that   of   the 

'^\j^  ^p^  orifice  until  the  place  of  great- 
e5t  contraction  is  passed.  Fig. 
4Sb  shows  in  the  top  row 
cross-sections  of  a  jet  from 
a  square  orifice,  in  the  middle 
row  those  from  a  triangular 
one.  and  in  tlie  third  row  those 
from  an  cUiptical  orifice.  The 
kit  hand  diagram  in  each  case 
is  the  cross-section  of  the  jet  near  the  place  of  greatest 
contraction,   while  the  following  ones  arc  crnss-sections 
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at   greater   distances   from   the    orifice,    and   the   jets   are 
supposed  to  be  moving  horizontally,  or  nearly  so. 

Owing  to  this  contraction  the  discharge  from  a  stajidard 
orifice  is  alwaj-s  less  than  the  theoretic  discharge.  It  ia 
Uie  object  of  this  chapier  to  determine  how  the  theoretic 
formulas  of  Chapter  III  are  tn  be  modified  so  that  Lhey 
mav  be  used  for  tJie  pr.octicHl  purposes  of  the  measure- 
rnent  of  water.  This  is  to  be  done  by  the  discus&ion  of 
the  re-sults  of  ex^Jeriments.  It  will  he  supposed,  unless 
oiherw-ise  staled,  that  the  size  of  the  orifice  is  small  com- 
pared with  the  cross-section  of  the  reser\^oir,  so  that  the 
effect  of  velocity  of  approach  may  be  neglected  (Art.  25). 

Prob.  43.  At  Bk  distance  from  a  circular  orifice  of  fine-half 
its  diameter  a  jet  has  a  diameter  of  i  inch  and  a  velocity  of 
lb  feet  per  second.  If  it  be  directed  vertically  downward, 
what  is  the  diameter  of  a  section  4  feet  lower?  If  it  be  directed 
vertically  upward,  what  is  the  diameter  of  a  section  3  feet 
higher? 


Aet.  44.    CnE^PiciENT  OP  Contraction 

The  coefficient  of  contracti'm  is  the  number  by  which 
tJifr  area  of  the  orifice  is  to  he  multiplied  in  order  to  give 
the  area  of  the  section  of  the  jet  at  a  distance  from  the 
)Lute  of  the  orifice  of  about  one-half  its  diameter.  Thus, 
<f  be  the  coefficient  cf  contraction,  a  the  area  of  tlie 
%  and  a'  the  area  of  the  ctintractcd  section  of  jet, 


a'^-c-a 


(44) 


The    coefficient    of   contraction    for   a   standard   orifice   is 
evidently  always  less  thitn  unity. 

The  only  direct  method  of  finding  the  value  of  c'  is 
to  measure  by  calipers  the  dimcnsioos  of  the  Icust  cross- 
ceclicm  of  the  jet.  The  size  of  tlie  orilit^e  can  usually  be 
detcriBined  with  precision,  and  with  care  almost  an  equal 
preciston  in  measuring  lUc  jet.     To  find  c'  for  a  circular 
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orifice  let  d  and  d'  be  the  diameters  of  the  section  a  and 
a';  then 

c'-a'/a-id'/dy 

Therefore  the  coefficient  of  contraction  is  the  square  of 
the  ratio  of  the  diameter  of"  the  jet  to  that  of  the  orifice. 
The    Urst    measurements    were    made    by    Newton*   who] 
found  the  ratio  of  d'  to  rf  to  be  21/35  which  gives  for  cl 
the   value   0-73.     The   experiments   of   Bossut   gave   from 
0.66   to   O-67;    and   Michelntti   found   fnira   0.57   to   0.624 
with  a  mean  of  0.61,     Eytels^■ei^  gave  0,64  as  a  meanj 
value,  and  Weisbach  mentions  0-63. 

The  following  mean  value  will  be  used  in  this  boo! 
and  it  should  be  kept  in  mind  by  the  student: 

Coefficient  of  contraction  c'— 0,6a 

or.  in  other  words,  the  minimum  cross-section  of  the  jet"! 
is  62  jiers-ent  of  that  of  the  nriiice.     This  value,  however,^ 
undoubtedly  varies  for  different  forms  of  orifices  and  foi 
the  same  orifice  under  dilTerent  headSn  but  little  is  kncft'rli 
regarding  the  extent  of  these  vantitions  or  the  LiWii  thai 
govern   them.      Probably  c^  is   slightly  smaller   for   circles] 
tlian  for  squares,  and   smaller  for  squares   than  for  reel 
angles,  particularly  if  the  rectangle  be  long  comp:ired  With] 
its  width.      Probably  also   *''  is   larger  for  low  heads  thi 
for  high  heads- 

Prob,  44.  The  diameter  of  a  circular  orifice  is  i.995  inches.^ 
Three  m^^asurements  £>f  the  diameter  of  the  contracted  sectioi 
of  the  jet  gave  1.55^   1.56,  and  1.59  inches.      Find  the  m* 
coefficient  of  contraction. 


Art.  45-     Coefficient  op  Velocity 

The  coefRcient  of  velocity  is  the  number  by  which  th< 
theoretic  velocity  of  flow  from  the  orifice  is  to  be  multiplied 
in  orJer  to  give  the  actual  velocity  at  the  least  crosa-seetioi 
*  PhllnaoplLif  natural  prindpia    nuthemalica,  i6fi7>  Boak  II,  fnD|> 
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<f  tiie  jet.  Thus,  it  Cj  be  the  coefficient  of  velocity,  V  the 
Iheorelic  velocity  due  to  the  head  on  the  center  of  the  ori- 
fice,  and  v  the  actual  velocity  at  the  contracted  section, 

v=c^V  =  c,V2^  (45) 

The  coelBcient  of  velocity  mu&t  be  less  than  unity,  since  the 
lorre  of  gravity  cannot  genemte  a  greater  velocity  than  that 
due  to  the  head. 

The  velocity  of  flow  at  the  contracted  section  of  the  jet 
ottiaot  be  directly  measuretL  To  obtain  the  value  of  the 
coefficient  of  velocity,  irtdircct  observations  have  been 
taken  tm  the  path  of  the  jet.  Referring  to  Art,  27,  it  will 
be  seen  that  when  a  jet  flows  from  an  orifice  in  the  vertical 
dde  of  a  vessel  it  takes  a  path  whose  equation  is  y  =gx*/2v\ 
m  which  X  and  >'are  the  co-ordinates  of  any  \y.nnt  of  the 
pftth  ineasured  from  vertical  and  horizontal  axes,  and  v 
IS  ihe  velocity  at  the  origin.  Now  placing  for  v  ila  value 
€ivi^,  and  solving  for  t„  gives 

erefore  c^  becomes  known  by  the  measurement  of  the 
id  ft  and  theco-ordinatesxand3^.     In  making  this  experi- 

nt  it  T^^Tjuld  be  well  Uj  have  a  ring,  a  little  larger  than  the 

jet,  supported  by  a  stiiT  frame  w}iich  can  be  moved  until 

le  jet  passes  tbrougli  the  ringn     The  How  of  water  can 

he  st*'ppe<i,  and  the  co-ordinates  of  the  center  tif  the 

determined.      By  placing  the  ring  at  different  pcnnts 

U)e  patli  different  sets  of  co-ordinates  can  be  obtained, 

vahie  of  X  shtndd  be  meastu^ed  from  the  contractetl 

'lion  rather  tJjan  froni  the  orifice,  since  v  is  the  velocity 

the  former  point  and  not  at  tlie  latter. 

fc^y  ihis  method  of  the  jet  Bossut  in  two  experiments 
d  for  the  c^iefHcient  of  velocity  the  values  0-574  and 
>,  Michclotti  in  three  experiments  obtained  0,993, 
I  o-'jSj,  and  WeLsbach  deduced  0,978.  Great 
annot  be  obtained  in  these  determinations,  nor 
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indeed  is  it  necessary  for  the  purposes  iif  hydraulic  investi- 
gation that  c^  should  be  accurately  known  for  standard 
orifices.  As  a  mean  value  the  following  may  be  kept  in  thel 
memory: 

Coefficient  of  velocity  £,  =  0.58 

or.  the  actual  velocity  of  flow  at  the  contracted  section  is  98 
percent  of  the  theoretic  velocity.     The  ^'aluc  of  t,  for  thej 
Etandard  orifice  is  greater  for  high  than  for  low  heads,  andj 
may  probably  often  exceed  o,gg. 

Another  method  ci  finding  the  coefficient  c,  is  to  place' 
the  orifice  horizontal  so  that  the  jet  will  be  directed  vcr-l 
ticaJly  upward,  as  in  Fig.  22,  The  height  to  which  it  rise^ 
is  the  velocity^ead  ho^v^/^g.  in  which  v  Is  the  actual| 
velrx;ity  f,V3gA,  Accordingly,  ho  =  clh,  from  which  t, 
may  be  computed.  For  example,  if,  under  a  head  of  33, 
feet,  a  jet  rises  to  a  height  of  32  feet,  tlie  coefficient  of  ve-l 
locity  is 

This  method,  however,  fails  to  give  good  results  for  higli; 
velocities,  owing  to  tlie  resistance  of  the  air,  and  more-] 
over  it  is  impossible  to  measure  with  precision  the  height  k^^ 

For  a  vertical  nrifice  Poncelet  and  Lesbros  found,  iit, 
iSjS,  that  the  ccefficient  -:,  was  sometimes  slightly  greater' 
than  unity,  antl  this  was  confirmed  by  Dazin  in  1853.  ThisI 
is  probably  due  to  the  fact  that  the  liea(i  is  greater  for  th< 
lower  part  of  the  orifice  than  for  the  upper  part  and  hence 
\^2gh  does  riiot  reprejicjit  t]ie  true  theoretic  velocity.  The. 
same  experimenters  fuund  ncj  instance  of  a  horizontal  ori- 
fice where  the  coefficient  exceeded  unity, 

Prob.  45a.  To  what  height  will  a  jet  rise  whea  i^i— o.g 
tj  =  4  feet  per  Gwond? 

Prob,  45b.  The  range  of  a  jet  is  13.5  feet  on  a  horizontal 
plane  3.8a  feet  below  the  oriftce  which  is  under  a  head  of  14.3! 
feet.     Compute  the  coefficient  of  velocity. 


Mt.« 


Coefficient  of  Dischahge 


115 


Art,  4fl.     Coeffjcjent  of  Discharge 

The  coefficient  ot  discharge  is  the  number  by  which  the 
Ihecjrctic  discharge  is  to  be  muUiplietl  in  order  to  obtain  the 
I  Bclud  discharge-     Thus,  if  c  be  the  coefficient  of  discharge, 
H  ^  the  llieuretieal  and  q  the  actual  tiliEcha^rge  per  secondp 

■  q~cQ  (46). 

■  Here  also  the  coefficient  ^  is  a  number  less  than  unity. 

B  The  coefficient  of  discharj^e  can  be  accurately  found  by 
V  aflciwing  tlie  flow  from  an  orifice  lo  fall  into  a  vessel  of  con- 
m  Slant  cross-section  and  measuring  the  heights  of  water  by 

the  book  gage  (-\rt.  35),     Thus  q  is  known,  and  Q  having 

beeci  computed, 

■t-q/Q  (46), 

Porcxample,  a  circular  orifice  of  o.i  feet  diameter  was  kept 
bundw  a  constant  head  of  4.f'77  feet;  during  5  minutes  and 
■3^  seconds  the  jet  flowed  into  a  measuring  vessel  which 
"was  found  to  contain  27.28  cubic  feet.  Here  tlie  actual 
^dtficba^e  was 

W  5  =  27,28/333.2  =0.08213  cubic  feet  per  second. 

The  theoretic  discharge,  from  formula  £23)  19 

^   0  — irXo.os'X8,o2\''4.677  =-0.1361  cubic  feet  per  second. 

"^TTien  the  coefficient  of  discbarge  is  found  to  be 

K  £—0.08213/0.1361  —0.604 

in  this  manner  thousands  of  experiments  have  been  made 
upon  difiereni  forms  of  orifices  under  different  heads,  for 
:urate  knowledge  regarding  this  coefficient  is  of  great  im- 
Lce  in  practical  hydraulic  work. 

The  following  articles  contain  values  of  the  coefficient  of 
harge  for  diflerent  kinds  of  orificeSj  and  it  will  be  seen 
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that  in  general  c  is  greater  for  low  heads  than  for  high  heads, 
greater  for   rectangles   than   for  squares,   and   greater   forj 
squEires  thun  for  circles.      Its  viilue  ranges  from  0.59  to  0.65 
or  higher,  and  as  a  mean  to  be  kept  in  mind  the  foDowingi 
value  may  be  stated : 

Coefficient  of  discharge  c  =  o.6i 

or,  the  actual  discharge  from  a  standard  orifice  is,  on  the 
average,  about  61  percent  of  the  theoretic  discharge. 

The  coefficient  c  may  be  expressed  in  terms  of  the  coef- 
ficients c'  and  c,.  Let  a  and  a'  be  the  areas  of  the  orifice  and 
the  cross-acction  of  the  contracted  jet,  and  Q  and  q  the  theo- 
retic and  actual  discharge  per  second.     Then,  since  a'/a  =  t^, 

q      a'c^\/ 2gfi     a' 

and  therefore  the  coefficient  of  discharge  is  the  product  of 
the  coefficients  of  contraction  and  velocity,  ' 

Prob.  46,  The  diameter  of  a  contracted  circular  jet  was 
found  to  be  cjj^9  inches,  the  diameter  of  the  orifice  being  1  inch- 
Under  a  head  of  4  feet  the  actual  discharge  pftr  minute  waaj 
found  to  be  3.21  cubic  feet.     Find  the  coefficient  of  velocity. 


Art.  47.     Circular  Vertical  Orifices 

Let  a  circular  orifice  of  diameter  rf  be  in  the  side  of  a 
vessel  and  let  h  be  the  head  of  water  on  its  center.  Then, 
from  Art-  22,  the  theoretic  mean  velocity  is  \^2gk,  and  from 
Art.  23  the  theoretic  discharge  is 

which  applies  when  /(  is  large  compared  with  d. 

To  deduce  a  more  exact  formula,  let  the  radius  of 
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circle  be  r,  and  let  an  elementary  strip  be  drawn  at  a  dis- 
tance y  abQ\'e  the  center ;  the  length 
erf     this     is    aVf'  — y',    its    area    is  =-~-~-~^ 


a^v'r*— y*.  and  the  head  upon  it  "^r 
is    h  —y^      Then    tlie    thforetic    dis- 
cliarge  through  this  strip  is 


FIG.  47 


To   integrate   this   {h  —  y)\   is  to  be 

expanded  by  the  binomial  fonnuk.     Then  it  may  be  written 

Each  term  of  this  expression  is  now  integrnhle,  antl  taking 
the  limits  of  J'  as  +  r  and  —  r  the  entire  circle  is  covered,  and 
Q  is  found,      Finally,  replacing  r  by  \d  there  results 


I   d- 


G-i.-fV.,;.  i--,^ 
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Wbicii  is  the  iheoi^tic  discharge  from  the  circular  orifice. 

It  is  plain  that  this  formtila  gives  values  wliich  are 
ajvp^vs  less  tban  those  found  from  the  approximate  formula 
dC  the  first  paragraph,  Thus  fi:>r  h^d  the  quantity  tn  the 
pai^enthesis  is  o.ggi  and  for  h  —  zd  it  Is  0.998,  Hence  the 
error  in  using  the  approximate  formula  is  less  thrm  threo- 
tenths  of  one  percent  when  the  head  on  the  center  of  the 
orifice  is  greater  than  twice  its  diameter. 

por  most  cases,  then,  the  actual  di^harge  from  a  cir- 
calar  vertical  orifice  of  area  a  may  be  computed  from 

in  wfhich  c  is  the  coefficient  of  discharge.  When  k  is  smaUer 
%WAn  two  or  three  times  the  diameter  of  the  oriiice,  and 
vrhen  precision  is  required, 

/  'i'  d'\  ^ 

q^l  1— 0.0781?^, "O.ooo,pfjj-il  8.o2Ciiv/e         £47), 
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is  the  formub  to  be  used.  Here  a  may  be  tak^i  from  Table 
51  for  the  given  diameter  expressed  ia  feet,  ^  is  to  be  taken 
in  feet,  und  then  q  uill  be  in  cubic  feet  per  second. 

Table  17  gives  values  of  c  for  circular  odfices  as  deter- 
niirted  by  flamiiton  Smith  in  a  discussion  cjf  all  the  best 
experiments.*  They  apply  only  to  standard  orifices  with 
definite  inner  edges.  The  table  shows  that  the  coefficient 
of  discharge  decreases  as  the  size  of  tlie  orifice  increases, 
ant5  that  in  general  it  -.Iso  decreases  as  the  head  increases. 
In  this  table  the  coefficients  found  above  the  horizontal  lines 
in  the  last  three  columns  are  to  he  used  in  the  exact  formula 
(47)a  and  all  others  in  the  approximate  formula  (47)^, 

For  example,  let  it  be  required  to  find  the  discharge 
through  a  standard  circular  orificei  2  inches  in  diameter, 
imdE^r  a  head  of  2,35  feet.  First,  2  inches- 0,1667  ^^^^,  and 
by  interpolation  in  Tiible  17  the  coefficient  c  Is  found  to 
be  o,6oa.  Next,  fnjm  Table  51  the  area  a  is  0.0a  1S2  square 
feet.  Then  formula  [471,  gives  the  discharge  q  as  0,161 
cubic  feet  per  second.  As  the  coefficient  is  probably  liable 
to  an  error  of  one  or  two  units  in  the  last  figure,  the  third 
figure  of  this  value  of  g  is  subject  to  the  same  uncertainty. 

Prob.  47a.  Find  from  the  table  the  coefficient  of  diEtrJiarge 
for  an  orifice,  3  inches  in  diameter,  under  a  head  of  1,75  feet. 

prob.  47i.  Compute  the  probable  actual  discharge  from  aa 
orifice,  S  iacbea  in  diameter,  under  a  head  of  15  inches. 


Art.  48-     Souare  Vertical  Orifices 

If  the  siae  of  an  orifice  in  the  side  of  a  vessel  be  small 
compared  with  the  head,  the  llieoretic  velcjcity  of  tlie 
outflowing  water  may  be  taken  as  "^ugh,  where  h  is  the 
head  on  the  center  of  the  orifice*  For  a  rectangular 
orifice  under  this  condition  the  theoretic  discharge  is 

*  Hydraulica  tl,ondon  and  New  Vork,  iSSfi),  page  59. 
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where  b  is  the  width  and  d  the  depth  of  the  orifice.     ^Tien 
b  is  equal  to  d  the  rectangle  becomes  a  square- 
To   deduce  a  more  exact   formula,  let  hy  be  the  head 
on  the  upper  edge  of  the  orifice  and  /j,  fhat  on  the  lower 

edge.         Consider  an  elementary  strip  ^ , — , 1 

of  area   b.Sy  at  a  depth  y  below  the  ]         ^\     j^ 

^-ater     level     The    velocity    of    flow         it 
through  this  elementary  strip  is  \/2gy 

and  the  theoretic  discharge  per  second  V- *— ^ 

through  it^is  Fio.48 

SQ  -  bdyV^gy 

Integrating  this  between  the  limits  h^  and  ft,  there  results 

■which  is  the  true  theoretic  discharge  from  the  orifice. 

To  ascertain  the  error  caused  by  using  the  approximate 
formula,  let  h  be  the  head  on  the  center  of  the  rectangle; 
then  ht=h-\-id  and  h^^h-^d.  Developing  by  the  bino- 
mial formula  the  values  of  b^l  and  hyi,  the  last  formula 
becomes 

G-MV.,ft(i-^^,-^^^g-^-etc.) 

and  this  shows  that  the  discharge  computed  by  using 
the  approximate  formula  is  always  too  great.  For  h=d. 
the  quantity  in  the  parenthesis  is  0,989.  and  for  h  =  2d 
it  is  0.997-  Accordingly*  the  error  of  the  approximate 
formula  is  only  three-tenths  of  one  percent  when  the 
head  on  the  center  of  tlie  rectangle  is  twice  the  depth 
of  the  orifice. 

For  most  cases,  then,  the  actual  discharge  from  a 
square  vertical  orifice  may  be  computed  from 
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where  h  is  the  side  of  the  squ^ire  and  c  is  the  coefficient 
of  discharge.  When  h  is  smaller  than  two  or  thrco  times 
the  side  of  the  orifice,  and  when  precision  is  required. 

q-^5.54jcb(h,l-k,^)  (48), 

is  the  Formula  to  be  used.  The  linear  quantities  aro 
to  be  taken  tn  feet^  and  then  q  will  be  in  cubic  feet  per 
second. 

Table  19  gi^■es  ^-alues  of  the  coefficient  c  for 'standard 
squart'  orifices,  taken  from  a  more  extended  one  formed 
by  Hamilton  Smith  In  iS86  by  the  discussion  of  all  the 
best  experiments.  It  is  seen  that  the  coefficient  decreases 
as  the  &ize  of  the  orifice  increases  and  as  the  head  iricreases- 
Comparing  this  table  with  Table  17  it  is  seen  that  the 
coefficient  of  discharge  for  a  square  is  ahva^-s  slightly 
larger  than  that  for  a  circle  ha\"ing  a  diameter  eqijal  to 
the  side  of  the  square.  The  values  above  the  horizontal 
lines  in  the  last  three  columns  are  to  be  used  in  the  exact 
formula  (48),  when  precision  is  required,  and  all  other  values 
in  the  api>roMmatu  formula  (4S)i. 

There  are  few  recorded  experiments  on  large  sq-uare 
orifices:  Ellis  measured  the  discharge  from  a  vertical 
orifice  7  feet  square*  ;ind  deduced  the  following  coeffi- 
cients for  use  in  the  approximate  formula: 

for  h-3.Q-j  feet,  c=o.6ii 
for  ft— 3.05  feet,  £=0.597 
for    h  =3.54  feet,     (^  =0.604 

whicli  indicate  that  a  mean  value  of  0.60  may  be  used 
for  large  square  orifices  under  low  heads. 

Prob.  4Sii-  Find  froin  the  table  the  coefficient  for  an  orifice 
3  inehes  ^uare  when  the  head  on  its  center  is  i.B  feet. 

Prob-  4St.  Compute  the  prohahic  actual  diseharge  from  a 
Lical  orifice  one  foot  square  when  the  head  on  its  upper  edge 
is  one  foot. 

*  TnmairlJoiis  Amtriam  Society  Civil  EngiMefJt,  ^  ^7^  "^t  5,  p.  91. 


AKT--IO 


RteCTAJJQULAB   VERTICAL   OrLKICBS 


121 


Art.  49-     Rectangular  Vertical  ORincES 

The  theoretir  formuUs  of  Art,  4R  apply  to  rectangles 
of  wri^lth  ^  *md  dt'pLh  d,  and  the  appruximate  formulLi 
for  coniputing  the  actual  diachar^  ia 

q ^cbdVTsh  -B.oicbdVh  (49) 

in  which  c  is  the  coefficient  of  discharge,  b  the  width  and 
d  the  depth  of  the  rectangular  orifice,  and  h  the  head  on 
its  center. 

Table  21  gives  values  of  the  coefficient  c  which  have 
been  compilal  and  rearranged  fnjm  the  discussion  given 
bj'  Fanning,*  It  h  seen  that  the  variation  of  c  with 
the  heatl  follows  the  same  law  as  for  circles  and  squares, 
ll  is  also  seen  that  for  a  rectangle  of  constant  breadth 
the  coefficient  increases  as  tlie  deptli  decreases,  from 
which  It  is  to  be  inferred  that  for  a  rectangle  of  constant 
depth  the  coefficient  increases  with  the  breadth,  and 
this  is  confirraefl  by  other  experiments.  The  value  of  c 
for  a  rectangidar  orifice  is  seen  to  he  only  slightly  larger 
than  that  for  a  square  whose  side  is  equal  lo  the  deptli 
cf  the  rectangle.  All  the  coefficients  in  this  table  are  for 
the  above  approximate  fomrnla,  since  that  formula  was 
ti9^  io  computing  them, 

A  comparison  of  the  values  of  c  for  the  orifice  one  foot 
square  *"ith  those  in  the  last  article  shows  that  the  two 
sets  of  coefficients  disagree,  these  being  about  one  percent 
grtater_  This  is  pRibably  duo  to  the  less  yjrecise  character 
and  smaller  number  of  experiments  from  which  they 
vrere  deriuced. 

Prob.  49ii,  What  constant  head  is  rpiiuired  to  discharge 
5  cubic  feet  of  water  per  second  through  an  orifice  j  inchLS 
cl«^p  and   11  inchpa  lorigf 

Prob.  4*>&.   What  is  a  probable  coeilicient  of  discharge  fur 
orifice  3  inches  deep  and  6  inches  long,  the  head  on  the 
per  edge  being  6  inches? 

•  Tmfie  on  Walrr  Supply  Ktr^ineeritig  {New  York,  jfl88),  p.  aog. 
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Art,  50.     Te^is  Miner's  Inch 

The  miner's  inch  may  he  roughly  defined  to  be  the 
quantity  of  water  which  will  flow  from  a  vertica.1  standard 
oiilict  one  inch  square,  when  llie  head  on  the  center  of 
the  orifice  is  6J  inches.  From  Table  10  the  coefticient  of 
discharge  is  s<?en  to  be  about  o.6^j,  and  accordingly  the 
actual  dii^charge  from  the  orifice  in  cubic  feet  per  second 
13  f^—TJ^X  0.623  X3  oa\/6-S/i^-*o.o^55  and  the  discharge 
in  one  minute  is  60X0-0255  =  1-53  cubic  feet.  The  mean 
value  of  one  miners  inch  is  therefore  about  1,5  cubic 
feet  per  minute. 

The  actual  value  of  the  miner's  tncli.  howeven  differs 
consideriibly  in  different  localities.  Bowie?  states  that  in 
different  counties  of  California  it  ranges  from  1.20  to 
1.76  cubic  feet  per  minute.*  The  reason  for  these  varia- 
tions is  due  to  the  fact  that  when  water  is  botight  for 
mining  or  irrigating  purposes  a  miich  larger  quantity 
than  one  miner's  inch  is  required,  and  hence  larger  orifices 
than  one  ^quiire  inch  are  needed.  Thus  at  Smartsville 
a  vertical  orifice  or  module  4  inches  deep  and  350  inches 
long,  with  a  head  of  7  inches  above  the  ti^^p  edge,  is  said 
to_  furnish  icx>o  miner's  inches.  Again,  at  Columbia 
HiU,  a  module  j;;  inches  deep  and  lij  inches  wiJe,  with 
£.  head  of  6  inches  above  the  upper  etJge,  is  said  tD  furnish 
aoo  miner's  inches.  In  Montana  the  customary  method 
of  measurement  is  Ihroug^h  a  vertical  rectangle,  one  inch 
deep,  with  a  head  on  the  center  of  the  orifice  of  4  inches, 
find  the  number  of  miner's  inches  is  said  to  be  the  samo 
as  the  number  of  linear  inches  in  the  rectangle;  thus 
under  the  given  hend  an  orifice  one  inch  deep  and  60  inches 
long  would  furnish  60  miner's  in  dies.  The  discharge 
of  this  is  said  to  be  about  1.25  cubic  feet  per  minute,  or 
75  cubic  feet  per  hour. 

•  Trtotiw  on  Hydraulic  Miiung  (New  Vqrk,  1^35),  p.  9fiK 
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The  foUcwing  are  the  values  of  tJie  miner's  inch  in 
dilTerenl  i>Lirts  tif  the  United  States:  In  Ca.lifcimii^  ^ind 
Montana  it  is  established,  by  law  that  40  miner's  inches 
sb^U  be  the  fquivaleat  of  one  cubic  foot  per  second,  and 
in  Colorado  3S.4  miner'5  inches  is  the  equivalent.  In 
otbcr  Slates  and  TerritQrics  there  is  no  legal  value,  but 
by  common  agreement  50  miner's  inches  is  tlie  equivalent 
of  ant?  cubic  fcxit  per  second  in  AriKonii,  Idiiho.  Xevud;j-^ 
aodlj'tah;  this  makes  the  mmer's  inch  equal  to  1.3  cubic 
feet  per  minute. 

A  moduli!  is  an  orifice  which  is  used  in  selling  water, 
and  which  under  a  constant  head  is  to  furnish  a  given 
number  of  miner's  iuchesj  or  a  gi%"en  quantity  per  second. 
The  size  and  proportions  of  modvilcs  vnry  greatly  in 
dilfcrent  localities,  but  in  all  cases  the  important  feature 
tci  be  observed  is  that  tlie  head  should  Ik;  maintained 
nearlj'  constant  in  order  that  the  c^msuraer  may  receive 
theamouiit  of  water  for  which  he  bargains  and  no  more- 

The  simplest  method  of  maintaining  a  constant  head 
l^  hy  placing  the  module  in  a  chamber  which  is  provided 
**ith  a  gate  that  regulates  the  entrance  of  water  from 
Ebe  raain  reservoir  or  canal  This  gate  is  raised,  or  lowered 
by  an  inspector  once  or  twice  a  djiy  so  as  to  keep  the 
surface  of  the  ^-^ter  in  the  chamber  at  a  given  mark. 
TluB  plan  is  a  costly  one^  on  account  of  tlie  wages  of  the 
inspector,  except  in  works  where  many  modules  are  used 
and  where  a  daily  inspection  is  necessary  in  any  event, 
and  it  is  not  well  adnpteil  tt)  cases  where  there  are  frequunt 
and  considerable  fluctuations  in  the  surface  of  the  water 
in  the  feeding  canal. 

Numerous  methods  have  been  de\'ised  to  secure  a 
coosliint  head  by  automatic  appliances  j  for  instancej 
the  gale  which  admits  water  into  the  chamber  may  be 
mftdo  lo  rise  and  fall  by  means  of  a  float  upon  the  surface; 
the  module  itself  may  be  made  to  decrease  in  size  when 
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the  water  nses,  and  to  increase  when  it  falls,  by  a  gate 
or  by  a  tapering  plug  which  moves  in  and  out  and  whose 
motion  ia  cimtrollcd  by  a  fltwit.  These  self-acting  con- 
trivances, however,  are  Hahle  to  get  out  of  order,  and 
require  to  be  inspected  more  or  less  frequently.  Another 
method  is  to  have  the  water  flow  over  the  crest  of  a  weir 
as  soon  as  it  reaches  a  certain  height.* 

The  use  of  the  miner's  inch,  or  of  a  module,  as  a  standard 
for  selling  water,  is  awkward  and  confusing,  and  for  the 
sake  of  unif<>miity  it  ts  greatly  to  be  desired  that  water 
should  always  be  bought  and  sold  by  the  cubic  foot  per 
seuond.  Only  in  this  way  can  comparisons  reiidiJy  be 
made,  and  the  consumer  be  sure  of  obtaining  exact  value 
for  his  money. 

^  Prob,  50.  If  a  miner's  incH  be  ig?  cubic  feet  per  minute, 
how  many  miner's  inches  will  be  furnished  by  a  module  i 
inches  deep  and  50  inches  long  with  a  head  of  6  inches  above 
the  upper  edge? 

Art.  51,     Velocity  of  Approach 

It  was  shown  in  Art,  25  that  the  theoretic  velocity 
of  flow  from  an  orifice  is  greater  than  -^2,^/1  when  the  ratio 
of  the  cross-section  of  the  orifice  to  that  of  the  vessel  or 
tank  is  not  small.  The  same  is  true  for  the  actual  velocity, 
but  formula  (25),  must  be  mofiified  because  it  takes  no 
account  of  the  contraction  of  the  jet.  Let  v  be  the  ve- 
locity at  the  contracted  section  of  the  jet  ;ind  a'  the  area 
of  that  section;  let.r,  be  the  velocity  through  the  horiaootal 
cross-section  A  of  the  vessel;  then  a'v—Av^.  But  if  a 
be  the  area  of  the  orifice  and  ^^  the  coefficient  of  contraction, 
then  a'  equals  ac*  and  hence  c'avAv^.  Now  the  effective 
head  on  the  orifice  is 

=£ 

•FcxJte,  TraaKicUoiis  AaiCTicsn  Society  of  Qvil  Engioceri,   aBSj,  VoL 
16,  p.  134. 
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■nd  the  velocity  v  is  given  b)-  c^VigH  where  f,  is  the 
coeffidcnl  of  velocity.  Substituting  in  the  last  equation 
p'/ilt^i*  for  ^  ^^^  dvajA  for  u„  and  noting  that  c^d  is 
equal  to  the  coefficient  of  discharge  r,  it  reduces  to 


(51). 


which  is  the  velocity  of  the  jet  at  a  section  distant  from 
ihe  orifice  about  one-half  its  diameter.  The  discharge  q 
is  found  by  multiplying  this  by  the  area  da  of  that  cross- 
section,  whence 

is  the  (oimula  for  the  ac^tual  discharge^  and  this  includes 
na  coefRcient  except  that  of  discharge. 

These  formulas  a.pply  to  orifices  of  any  kind,  and 
when  i  equals  unity  they  reduce  to  the  theoretic  eicpressions 
fflabU-shed  in  Art.  25-  When  ajA  is  less  tlian  1/5,  as 
is  ainost  always  the  case  in  ;t>ractice,  the  last  formula 
raay  be  written,  with  sufficient  precision, 

q  =  {i-^\\caiAY)ca^l^  (50, 

for  CTampIe,  let  a  square  tank.  4>;4  feet  in  horizontal 

cruss^X'tRin.   have  a   standard   square   orifitc  one   square 

Jbot  in  area,   and  let  the  head   on  its  center  be   t6   feet, 

?rom  Table  19  the  coelVicient  of  discharge  is  0,60,  and  the 

ibrmuLa  gives 

17- (i  +0,0007)  X0.60X  I  X&.oa  >C4 

=  19,3  cubic  feet  per  second. 

'or  this  case  it  is  seen  that  the  influence  of  velocity  of 
!h  is  expressed  by  tlie  addition  cif  0,0007  Lo  imity, 
is  an  increase  ^>\  less  tlmn  one-tenth  of  one  percent. 
In  general  the  increase  in  discharge  due  to  velocity  of 
approach  is  exprrascd,  if  afA  be  not  greater  than  1/5, 
\e^{aJA)W%gk. 
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A  common  case  is  that  where  the  vessel  or  tank  is 
of  large  horizontal  and  small  vertical  cross-section,  and 
where  the  water  approaches  the  orifice  with  a  horizontal 
velocity,  as  in  a  canal  or  conduit.  Here  let  A  be  the  area 
of  the  vertical  cross-section  of  the  vessel,  a  the  area  of  the 
orifice  and  h  the  head  on  its  center.  Then,  if  the  head/[ 
be  large  compared  with  the  depth  of  the  orifice,  the  same 
reasoning  applies  as  in  Art,  25,  the  theoretic  velocity  is 
given  by  (25),  and  the  actual  discharge  by  (51)^, 

When  the  head  k  is  not  large  let  h^  and  h,  be  the  heads 
on  the  upper  and  lower  edges  of   the  orificej  which  is 

taken  as  rectangular  and 
of  the  width  b.  Let  v  be 
the  velocity  of  approach, 
which  is  regarded  as  uni- 
form 'over  the  area  A. 
E^^^^^^^-'-  r^>-.T.T7T...r./^  Then,  by  the  same  reason- 

FiG.  51  ing  as  that  in    Art.   25.  the 

theoretic  velocity  in  the  plane  of  the  orifice  at  the  depth 
y  below  the  water  level  is  given  by  V^  —  2gy-^v',  The 
theoretic  tJischarge  through  an  elementary  strip  of  the 
length  b  and  the  depth  3y  now  is 

and,  by  integration  between  the  limits  hj  and  h^,  the  total 
theoretic  discharge  is  found.  If  v^/2g  be  replaced  by 
Aq.  the  head  which  would  cause  the  velocity  Vj  the  theoretic 
discharge  is 

Q''ib\/T^[{h,  +  h,)^-{h,+h,)^]  (51), 

and  the  actual  discharge  q  is  found  by  multiplying  this 
by  a  coefficient  of  discharge.  When  there  is  no  velocity 
of  approach  the  formula  reduces  to  that  found  in  Art. 
49  for  this  case. 

Prob,  51a,  If  n  be  a  small  quantity  compared  with  unity, 
show  that  (i  +  jO*  = '  + i"' ^""1  that  i/(i'l-«)  =  i  — n-  Deduce 
formula  (51),  from  (51  )3. 
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Prob.  51^-  In  the  case  of  horizontal  approach,  as  seen  in 
Fig.  51,  let  6  =  4  feet,  ft,=i0.8  feet,  ft,  =  o,  -^  =  3.5  feet  per  second, 
and  c  =  o.6.  Show  that  the  discharge  is  10,5  cubic  feet  per 
second. 


Art,  62.     Submerged  Orifices 

It  is  shown  in  Art.  24  that  the  effective  head  h  which 
causes  the  flow  from  a  submerged  orifice  is  the  difference 
in  level  between  the  two  water  surfaces.  The  discharge 
from  such  an  orifice^  its  inner  edge  being  a  sharp  definite 
one  as  in  Fig.  43a,  has  been  found  by  experiment  to  be 
slightly  less  than  when  the  flow  oc- 
curs freely  into  the  air,  and  hence 
the  values  of  the  coefficients  of  dis- 
charge are  shghtly  smaller  than  those 
given  in  Tables  17-21.  For  large 
orifices  aJid  large  heads  the  difference 
is  very  small,,  and  for  orifices  one  inch 
square  under  six  inches  head  it  is 
about  3  percent.  In  all  cases  of  submerged  orifices  the 
discharge  is  to  be  found  from  q=ca\/7gh. 

Table  22  gives  values  of  the  coefficient  of  discharge 
for  submerged  orifices  as  determined  from  experiments 
made   by   Hamilton   Smith   in    1884.     The   depth   of   sub- 

mei^ence   of   the   orifices   varied   from   0,57   to   0.73    feet. 

As  a  mean  value  of  the  coefficient  of  dischai^e  for  standard 

submerged  orifices  0.6  is  frequently  used. 

The  theoretic  discharge  from  a  submerged  orifice  is 
the  same  for  the  same  effective  head  h  whatever  be  its 
distance  below  the  lower  water  level.  The  theoretic 
velocity  in  all  parts  of  the  oriftce  is  the  same,  as  may  be 
proved  from  Fig,  52,  where  the  triangles  ACD  and  BCE 
represent  the  distribution  of  pressure  on  AC  and  BC 
^'hen  the  orifice  is  closed  (Art.  17).  Making  CF  equal  to 
t^H  and  drawing  BF  tlie  unit-pressure  on  BC  is  seen  to 
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have  the  constant  value  DF.  Now  when  the  onfice  is 
opened  the  velocity  at  any  point  depends  on  the  unit- 
pressure  there  acting,  as  seen  by  (24)i,  and  accordingly 
the  theoretic  velocity  is  unifonn  over  the  section.  For 
this  reason  tlie  coefficients  of  dischai^  probably  vary 
less  with  the  Itcad  than  for  the  previous  cases. 

Submerged  orifices  are  used  for  canal-locks,  tide-gates, 
filter-beds,  for  the  discharge  of  waste  water  through  dams, 
and  for  tlie  admission  of  water  from  a  canal  to  a  power- 
plant.  The  inner  edges  of  sueh  oriljces  are  usually  rouTided 
so  that  the  contraction  is  suppressed,  and  the  coefficient 
of  diseliarge  may  then  be  higher  than  o.g  (Art.  54). 

pTob.  52.  An  orifice  one  inch  square  in  a  gate  such  as  shown 
in  Fig.  l£>(z,  Art-  19.  i?  ,i  feet  below  ihe  higher  water  level  aad 
3  feet  below  the  lower  water  level.  Compute  the  discharge  in 
cubic  Eeet  per  second,  and  also  in  gallons  per  muiute. 


Art.  53-     Supprbssion  of  the  Contraction 


When  a  vertical  orifice  has  its  lower  edge  at  the  bottom 
of  the  reservoir,  as  shown  at  -4  in  Fig,  5^.  the  parLides 
of  water  flowing  through  its  lower  por- 
tion move  in  lines  nearly  perpendicular 
to  the  plane  of  the  orifice,  or  the  con- 
traction of  the  jet  does  not  form  on 
tlie  lower  side.  This  is  called  a  case  of 
suppressed  or  incomplete  contraction. 
The  same  thing  occurs,  but  in  a  lesser 
degree,  when  the  lower  ctlge  of  the  orifice  is  near  the  bottom 
as  shown  at  B.  In  like  manner,  if  an  orifice  be  placed 
so  that  one  of  its  vertical  edges  is  at  or  near  a  side  of  the 
reservoir,  as  at  C,  the  cthn  tract  ion  of  the  jet  is  suppressed 
upon  one  side,  and  if  it  be  placed  at  the  lower  comer 
o£  the  reservoir  suppression  occurs  both  upon  one  dde 
and  the  lower  part  of  the  jet. 
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The  effect  of  suppressing  the  contraction  is,  of  course, 
to  incnase  the  cross- section  of  the  jet  at  the  place  where 
full  coatraction  would  otherwise  occur,  and  it  is  found 
hy  experiment  thut  the  tUsL-harge  is  likewise  incrciiKed. 
EKperiments  also  show  tliat  more  or  less  suppression  of 
Uw  contraction  will  occur  unless  eacli  etige  of  the  orifice 
iaatfldistanceatlcast  equa.1  to  throe  times  its  least  diameter 
fmm  the  sides  or  bottom  of  the  reservoir. 

The  experiments  of  Lesbros  and  Bidone  furnish  the 

meima  of   estimating   the   increased   discharge   caused   by 

suppression   of  the   contra-ction.     They   indicate   that   for 

square  orifices  witli  contraction  suppressed  on  one  side 

j^H   the  coefhcient  of  iHscharge  is  increased  about  3,5  percent, 

H  iifld  with  contraction  suppressed  on  two  sides  about  7  5 

r     percent-     For  a  rectangular  orifice  with  the  contraction 

supiiressed  on  the  botluin  cdjje  the  percentages  art  larger, 

luring  about  6  or  7  percent  when  Ihe  length  of  the  rectangle 

U  four  times  its  heiglit,  and  from  S  to   12  percent  when 

the  length   !s   twenty   times   the   height.     The   percentage 

of  increasen   moreover,   varies   with   the   head,   the   lowest 

licads  giving  the  lowest  percenta4»es. 

til  is  apparent  that  suppression  of  the  contraction 
ould  be  avoided  if  accurate  results  are  desired.  The 
Bcriments  from  which  tlie  above  conclusions  are  deduced 
le  made  upon  small  orihees  wii;h  heads  less  than  6 
foct,  and  it  is  not  known  how  they  will  apply  to  large 
4jnlices  un:}er.high  heads.  For  a  rectangular  orifice  of 
length  about  three  times  its  height,  with  contraction  sup- 
on  the  ends  and  bottom,  tlie  coefficient  of  discharge 
probably  about  0.75. 

Prob  53a,  Compute  Ihe  probable  discharge  froni  a  vertical 
ce  one  foot  square  when  the  head  on  its  upper  edge  \5  4  feet, 
<«ntractirjn  being  suppressed  on  the  lower  edge. 

Proh.S3b.  Compute  the  di&charge  for  the  same  data  when 
-con tract ioiL  is  sujj^jressed  on  all  Mdeii. 
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Art,  54,     Orifices  with  Roukded  Edges 

If  the  inner  edge  of  the  orifice  be  made  rounded,  as' 
shown  in  Fig,  54,  the  contraction  of  the  jet  is  modified, 

and    the    discharge    is    increased- 
With  a  slight  degree  of  rounding, 
as    at    ^,    a    partial    contraction 
.     occurs;  but  with  a  more  conaplete 
,/5^^-^  round  in  g<    as   at   C,    the   particles: 
of    %v:itiT    issue    peipendicular    loj 
the  plane  of  the  orifice  and  therei 
is  no  contraction  of  the  jet.      If 
be    the    area    of   the    least    cross-) 
section  of  the  orifice,  and  a'  that  of  the  jet,  the  coelfidenl 
of  contraction  as  defined  in  Art,  44  is 

d  =  ^'la.  (54> 

For  a  standard  orifice  with  sharp  inner  edges  (Art.  43)' 
the  mean  value  of  c'  ik  o-6a,  but  for  an  orifice  with  rounded] 
edges^  d  may  have  any  value  between  o,6j  and  i.o,  de-j 
penthng  ujxjh  the  degree  of  rounding. 

The  coefficient  of  discharge  c  for  standard  orifices  hj 
a  mean  value  of  about  o,fix ;  this  is  increased  with  roundt 
edges   and   may   have   any   value   between   o,&i    and    1,0,] 
A  rounded  interior  edgR  in  an  orifice  is  therefore  always 
a  source  of  error  when  the  object  of  the  orifice  is  th( 
measurement   of   the    discharge-     If   a   contract   provide 
that  water  shall  be  gaged  by  standard  orifices,  care  sboul 
always   be   taken   that  the   interior  edges   do  not  becoi 
ronnded  either  by  accident  or  by  design. 

Prob,  54fl.  Compute  the  discharge  from  an  orifice  4  incfe 
in  diameter  under  a  head  of  6  feet,  when  ^  =  0,89. 

Prob,  54i.  If  an  orifice  with  rounded  edges  has  a  coefFiciHnl 
of  velocity  cf  0,88  and  a  coe&cLent  of  discharge  of  0.75,   fij 
the  coefficient  of  contraction. 
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Art.  55-     Water  Measurement  hy  Orifices 

la  order  that  water  may  be  accurately  measured  by 
the  use  of  orifices  many  precautions  must  be  laker,  some 
of  which  have  already  been  noted,  but  mjiy  here  he  briefly 
recapitubled-  The  area  of  the  nriftce  should  be  small 
compurcd  with  the  size  of  the  resen'oir  in  order  that 
*elorily  of  approach  may  mit  exist,  or  if  tiTis  cannot  be 
avoided  it  should  be  taken  into  account  by  formula  (51)i, 
Tlie  inner  edge  of  the  orilice  must  have  a  definite  right- 
angled  comer,  and  its  dimensions  are  to  be  accurately 
dclenoined-  If  the  orifice  be  in  wood,  care  sjiould  be 
taken  that  the  inner  surface  Ije  smooth,  and  that  it  be 
ifpi  free  from  the  shme  which  often  accompanies  the 
fcyr  of  water  e^'en  when  apparently  clear.  That  no 
£ij[|rrKSion  of  the  contractirin  may  occur,  the  edges  of 
Ibc  orifice  should  not  be  nearer  than  three  times  its  least 
dimension  to  a  side  of  the  reservoir. 

Orifices  under  verj-  low  heads  should  be  avoided, 
bfcause  slight  \'ariatii:>ns  in  the  head  produce  relatively 
b/ge  errors,  and  also  bet:aijse  the  coefficients  of  discharge 
vary  more  rapidly  and  arc  probably  not  so  well  determined 
as  fiJT  cases  where  the  head  is  greater  than  four  times  the 
dqith-  If  tlie  htad  be  very  low  on  an  orifice,  vortices 
wiU  form  which  render  any  estimation  of  the  discharge 
tuineliable. 

The  measurement  of  the  head,  if  required  with  pre- 
must  he  made  with  the  hooli  gage  described  in 
35,  For  heads  greater  than  two  or  three  feet  the 
Lilings  of  an  ordinary  glass  gage  placed  upon  Uie  out- 
of  the  reservoir  will  usually  proye  sufficient,  as  this 
he  read  to  hundredths  of  a  foot  with  accuracy.  An 
cmor  of  D.oi  feet  when  the  head  is  3  00  feet  produces  an 
error  in  the  computed  discharge  of  less  thaji  two-tenths 
ooe   percent;     for,    tlje   discharges   being   proportional 
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to  the  square  roots  of  the  heads,  the  square  root  of  3.01 
divided  by  the  square  Toot  of  3.00  equals  1,0017,  ^'^^ 
the  nide  measurements  in  connection  with  the  miner's 
inch  a  common  foot-rule  will  usually  suifice. 

Tlie  effect  of  temperature  upon  the  dischai^e  remains 
to  be  noticed;  this  is  only  appreciable  with  sm^ill  orifices 
and  under  low  heads  and  hence  such  orifices  and  heads 
are  not  desirable  in  precise  measurements,  Unwin  found 
that  the  discharge  was  diminished  one  percent  by  a  rise 
of  144  degrees  in  temperature;  his  orifice  was  a  circle] 
Q  033  feet  in  diameter  under  heads  ranging  from  i.o  toj 
1,5  feet.  Smith  found  that  the  discharge  was  diminished' 
one  percent  by  a  rise  of  55  dejjrees  in  temperature;  his 
orifice  was  a  circle  0,0a  feet  in  diameter  under  beads  rang- 
ing from  0.56  to  3.3  feet. 

The  ctiiflicients  given  in  Tables  17-23  may  be  supposed 
liable  to  a  probable  error  of  about  two  tinita  in  the  tliird 
decimal  place:  thus  a  coefTicieiit  0,615  should  really  be 
written  0-G15  lo.ooa  ;  that  is,  the  actual  value  is  as  likely, 
to  be  between  0.613  ^"^  0,617  as  to  be  outside  of  those' 
limij^.  The  probable  gttot  in  computed  discharges  due 
to  the  coefficient  is  hence  nearly  one-half  of  one  percent. 
To  thb  are  added  the  errors  due  to  inaccuracy  of  obser\-a-' 
tion,  so  that  it  is  thought  that  the  probjible  error  of  care- 
ful work  with  standard  circular  orifices  is  at  least  oni 
percentn  The  computed  discharges  are  hence  liable  to 
error  in  the  third  sif^iific^Emt  figure,  so  that  it  is  useless 
to  carrj"  numerical  results  beyond  three  figures  when, 
haseii  upon  tabuliir  coefficients.  As  a  precise  method, 
of  measuring  small  quantities  f^i  water,  standard  <.irifice»l 
take  a  liigh  rank  when  tlie  observations ,  arc  conducted 
with  care. 

Prob.  55.  If  f  he  a  small  error  in  measuring   the  heati  A.| 
show  that  the  error  m  the  computed  discharge  q  due  to  tl 
cause   is  qc/jh. 
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Art.  66.     Logs  op  Enbroy  or  Head 

A  jet  of  water  flowing  from  an  orifice  possesses  by 
virtue  o£  its  \'elocity  a  certain  kinetic  energy,  wbicli  is 
aJH^ys  less  than  the  theoretic  p<.>Lential  energy  (3ue  to 
the  head  lArt.  2S),  Let  k  be  the  bead  and  M-"  the  weight 
of  water  discharged  per  second,  then  the  theoretic  energy 
per  second  is 

Let  V  be  the  actual  velocity  of  the  water  at  the  contracted 
section  of  the  jet ;  then  the  actual  energy  per  second  of  the 
water  as  il  passes  that  section  is 

Kow  let  c^  be  the  coefRctent  of  vclocitj'^  fArt,  45):  then 
i'-ti*.a£A,  and  a-ccordingly  the  iictuiil  energy  of  tlic  jet 
per  fiecond  is 

Tix  eflkiency  of  the  jet,  or  the  ratio  of  the  actual  to  the 
Iboiretic  energy  now  is 

e-k/K  =  c,'  (56) 

■  -ich  is  a  number  always  less  than  unity. 

For  the  standard  orifice  the  mean  value  of  c^  is  0-9S, 

" '  hence  a  mean  N'aiue  uf  c^'  is  0,96-     The  actual  energy 

1  jet  from  such  an  orifice  is  hence  about  96  percent 

'     theoretic  ener^",  and  the  loss  of  energy  is  about 

ut.     This   luss   is   due   to   the   frictional   resistance 

scihe  edges  of  the  orifice,  whereby  the  energy  of  pressure 

VYdodty  is  changed  into  heat, 

!n  llie  plane  of  the  standard  orifice  the  velocity  is 
Amia-  than  at  the  contracted  section  since  the  area  there 
fcjreater.  If  v,  bt:  this  vcloLity,  <i  the  area  *'i  the  orifice, 
»d  a*  Uiat  of  the  jet  at  the  contracted  section,  it  is  clear 
kt  ob^  =-  a'v  or  f,  =f 'v,  where  c'  is  the  coefScient  of  con- 
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traction  o.ti.  The  kinetic  energy  ia  the  plane  of  the 
orifice  is  W.Vj'/2g,  or  o.^'jWv^/2g.  or  o.^jWh.  Thus, 
m  the  plane  of  the  orifice  4  percent  of  the  theoretic  energy 
is  lost  overcoming  friction,  37  percent  is  ic  the  form  of 
kinetic  energy,  and  the  remaining  gg  percent  exists  in 
the  form  of  pressure  energy.  This  $9  percent  is  trans- 
formed  into  kinetic  energy  when  the  water  hss  reached 
the  contracted  section- 
In  hydraulics  the  terms  ener^  and  head  are  often 
used  as  sjiionymous,  although  really  energy  is  proportional 
to  head.  Thus  the  pressure-head  that  causes  the  flow 
is  h  and  the  velocity-head  of  the  issidng  jet  is  v^/sg,  and 
these  are  proportional  to  the  theoretic  and  effective  en- 
ergies.    The  lost  head  A'  is  the  difference  of  these,  or 


h' 


and  this  applies  not  only  to  an  orifice  but  to  any  ttlbe 
or  pipe-     inserting  fur  v^  its  Viilue  this  becuraes 

/:'-(! -Oft 

which  gives  the  lost  head  in  terms  of  the  total  head, 
eerting  for  h  its  value  in  terras  uf  v  reduces  this  to 


In- 


■=fe-)S 


2g 

■which  gives  the  lost  head  in  lerma  of  the  velocity-bead. 
Thus,  for  an  orifice  whose  coefficient  of  velocity  is  0,97 
the  lost  head  h'  is  o.o6oh  or  o.Q6jij^/2g.  For  tlie  standard 
orifice  the  lost  head  /t'  is  Q.040A  or  o.oj\iv'/ig.  When 
velocity  of  approach  exists  the  value  of  /t  is  to  beingresKed 
by  the  velocity-head  of  the  approaching  water. 

Prob.  56.  Water  approaches  an  orifice  with  a  velocitv  of 
I  5  feet  per  Becond^  the  pressure-head  on  the  orifice  is  i  435  feet, 
and  the  coefficient  of  velocity  is  0.975.  Compute  the  loss  o£ 
head. 
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Art.  5*.     Discharge  ukdbr  a  Dropping  Hsad 

If  a  vessel  or  reservoir  receives  ro  inflow  of  water 
vhile  aji  orifice  is  open,  the  heaci  drops  and  tlie  discharge 
decreases  in  each  successive  second.  Let  H  be  the  head 
on  the  orifice  at  a  certain  instant,  and  k  the  head  t  seconds 
later,  let  .-1  be  tbe  area  of  the  unifonn  horizontal  cross- 
section  of  the  vessel,  and  a  the  area  of  the  oriiicc.  Then, 
the  theoretic  time  t  is  given  by  the  second  fcnnula  in 
Art-  26.  To  dclermine  the  actual  time  the  coefficient  of 
discharge  rnust  be  introduced.  Referring  to  the  demon- 
stmiion,  it  is  seen  that  as/igy.  dl  is  the  theoretic  discharge 
in  tlic  time  Ji;  hence  the  Jiclunl  discharge  is  c  a\^2gy3t, 
and  accordingly  a  in  the  above-mentioned  formula  is  to  be 
xcplaced  by  ca,  or 


'-;^/^-^>  ^''^' 


n 


is  the  practical  formula  for  the  time  in  which  the  water 
level  drops  from  //  to  h.  In  using  lliis  formula  i:  is  to 
be  taken  from  the  tables  at  the  end  of  this  volume,  an 
average  value  being  selected  corresponding  to  the  average 
head. 

Exi>eriment5  have  been  made  to  determine  the  value 
c  by  the  heli?  of  this  formula;  the  liquid  being  allowed 
flow.  A,  a,  II,  h,  and  t  being  observed,  whence  c  is  corn- 
put^,  fn  this  way  c  for  mercury  has  been  found  to  be 
Ahnut  o  6j  *  Only  approximate  mean  values  can  be 
fonnd  in  this  mannen  since  c  varies  with  the  hciid,  par- 
ttcularly  for  smaU  orifices  (Art.  47).  For  a  Inrgo  orifice 
the  time  ot  descent  is  usually  &o  small  thai  it  cannot  be 
ooxcd  with  precision,  and  the  friciinn  of  the  hquiJ  on 
e  ddes  of  the  vpssl-I  may  also  introduce  on  element 
uncertainty.     Further,  if  h  be  smalt  a  vortex  forms 

*  UefnslDf')  HkmentB  of  Pincdt^al  HydiaxLLln  (London,  1B75),  p.  iSj^ 
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which  renders  the  formula  unreKabie.  This  experiment 
has  therefore  IJltle  value  except  as  illusirating  and  con- 
finning  the  truth  of  the  theoretic  formtilas. 

The  discharge  in  one  second  when  the  head  is  H  at 
Uie  beginning  of  that  second  is  found  as  follows:  The 
above  equation  may  be  ^mtten  in  the  £onn 

By  squaring  both  members,  transposing,  and  multiplymg- 
by  A^  this  nuy  be  reduced  lo 

A{H~h)-tca\/3g(\/7r-UaV3s/4A) 

Btit  the  firet  member  of  thi^  equation  is  the  quantity 
cHschaf^fed  in  t  seconds;  therefore  the  discharge  m  the 
ftrei  second  is  _    ^ 

^ -njv'2g(v^-JMV'ag/4-4) 


If  /l^x.  this  becomes  cav'ag//.  which  should  be  the 
cane,  f^^f  llivn  //  would  remain  constant.  At  the  end  of 
Xhv  firat  necuud  the  water  leN-el  has  fallen  the  amount 
^/,1.  Mi  that  the  head  ^t  the  beginning  of  the  second 
M>ct»ml  IT*  H-ij/A, 

Fbi  example,  lot  an  orifice  one  foot  square  in  a  reservoir 
ui  to  m^iiiru  fp^t  section  be  under  a  head  of  g  feet,  and 
r-o.fto«.  l*hcn  the  ^iisi^harge  in  one  second  is  13, g  cubic 
Uv\.  liwA  the  bead  <lrops  to  7.61  feet.  The  discharge  in 
>l\4i  hevl  *cc<*nd  is  i»-7  cubic  feet,  and  the  head  drops  to 

YMi.  Mrf.  Pur  the  data  of  the  last  paragraph  compute  the 
Mtilivt«r  <■!  *&i.MmJi>  required  to  lower  the  head  of  9  feet  downi 

W^i}-   STt-    Kiiiil  tho  lime  required  to  discharge  4S0  gallon^l 
vl  «A»s-  in)ii»  *i  orinct  1  inches  in  diameter  at  S  feet  belgw  th( 
\4W  i*Vvl  Wiii^n  Ui*  crt*s-s«ctioa  «£  the  tank  is  4X  4  feet. 
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Art,  58.     Emptying  and  Filling  a  Canal  Lock 

A  canal  lock  is  emptied  by  opening  one  or  more  orifices 
in  the  lower  gates.  Let  a  be  their  area  and  H  the  head 
of  water  on  them  when  the  lock  is  full;  let  A  be  the  area 
of  the  horizontal  cross-section  of  the  lock.  Then  in  the 
first  formula  of  the  last  article  ft— o,  and  the  time  of 
emptying  the  lock  is 

t='2AVH'/ca\/^  (68) 

If  the  discharge  be  fr^  into  the  air.  H  is  the  distance 
from  the  center  of  the  orifice  to  the  level  of  the  water  in 
the  lock  when  filled;  but  if.  as  is  usually  the  case,  the 
orifices  be  below  the  level  of  the  water  in  the  tail  bay, 
H  is  the  difference  in  height  between  the  two  water  levels. 
The  tail  bay  is  regarded  as  so  large  compared  with  the 
lock  that  its  water  level  remains  constant  during  the  time 
of  emptying. 

For  example,  let  it  be  required  to  find  the  time  of 
etnptying  a  canal  lock  8o  feet  long  and  20  feet  wide  through 
two  orifices  each  of  4  square  feet  area,  the  head  upon 
which  is  t6  feet  when  the  lock  is  filled.  Using  for  c  the 
value  0.6  for  orifices  with  square  inner  edges,  the  formula 
gives 

^      2X80X20X4  ,         ,      ^      ^ 

If,  however,  the  circumstances  be  such  that  c  is  0,8,  the 
time  is  about  250  seconds,  or  4^  minutes.  It  is  therefore 
seen  that  it  is  important  to  arrange  the  orifices  of  discharge 
in  canal  locks  with  rounded  inner  edges. 

The  filling  of  the  lock  is  the  reverse  operation.  Here 
the  water  in  the  head  bay  remains  at  a  constant  level 
and  the  discharge  through  the  orifices  in  the  upper  gates 
decreases  with  the  rising  head  in  the  lock.  Let  H  be  the 
effective   head  on  the  orifices  when  the  lock  is  empty, 
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and  y  the  effective  head  at  any  time  I  after  the  beginnir^ 
of  the  dischajge.  T!ie  area  of  the  section  of  the  lock 
being  A,   the  quantity  Ady  is  discharged  in  the  time   J£, 


Fic.  as 

and  this  is  equal  to  ca%/2^y  dt.  if  a  be  the  area  of  the 
orificeH  aud  c  the  coefficient  of  discharge,  Hence  the  same 
expression  as  (5S)  results,  and  the  times  of  fiUirg  and 
emptying  a  look  are  equal  if  the  orifices  are  of  the  same 
dimcnsicms  and  under  the  same  heads.  The  area  required 
fnor  the  orifices  may  be  found  for  any  case  from  (5S)  when 
-4,  J/,  i.  and  c  are  given. 

Prob.  fiSa.  Compute  the  areas  of  the  two  orifices  when 
j4  — iSoo  square  feetn  i  =  j  minutes,  1=0,7,  ^  =  7  f^et  for  the 
■upper  and  1  a  feet  for  the  lower  orifice, 

Frob.  5Sft.  A  lock  50  fcE't  long  and  20  feet  wide,  with  a  lift 
of  J2  feet,  contains  n.  boat  weighing  500  net  ions.  When  the 
lock  is  emptied  in  order  to  lower  the  boat^  how  much  water 
flows  from,  the  lower  orilices?  If  the  cross-section  o[  these 
orifices  is  xa.j  square  feet  and  c=o.-j^  what  is  the  time  of 
emptying? 

Art,  59.     Computations  i^i  Metpic  Measures 

Most  of  the  formulas  of  this  chapter  are  rational  and 
may  be  used  m  all  systems  of  measures.  The  coefficients 
of  contraction,  veltjcity,  and  discharge  are  abstract  num- 
bers, which  arc  the  same  in  all  systems,  like  the  constants 
of  mathematics.     In  the  metric    system  the  area  a  is  to 
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te  laken  in  square  meters,  tlie  head  ^i  in  meters^  V?i 
as  443J.  and  then  the  discharge  q  will  be  in  cubic  meters 
per  second. 

[Ml.  47)  For  standard  circular  vertical  orifices  the 
/finnulita  (47)i  and  (47)a  apply  to  the  metric  system  if 
la?  W  replaced  by  4t4?7.  In  using  these  the  coefficient 
£  may  be  takea  Erom  Table  IS  which  has  been  adapted 
Id  metric  argumeiits  from  Table  17.  For  example,  if 
Usediameter  of  the  orifice  he  2.5  cL-ntimeters  and  the  head 
Ott  its  center  be  0.6  meters,  interpolation  in  the  table 
gives  the  value  of  c  as  o.tof}. 

(An.  48)  For  stnndiird  square  vertical  orifices  the 
formulas  (48),  and  (48),  are  changed  to  the  metric  system 
tj' substituting  4-437  for  S.oa  and  2.951  for  5.347-  Table 
20  gives  values  of  the  coeflicient  c  for  arguments  in  metric 
iroaaires, 

(-Art.  4fl)     Table    21    has    not    been    transformed    into 

Ofle  with  metric  arguments,  as  it  applies  only  to  the  special 

case  where  the  rectangular  orifice  is  one  foot  wide.     If 

ihe  heads   in   the   first   column   be   changed   into   meterSj 

by  writing  0,12   meters  for  0,4  feet,   o.rS  meters  for  0.6 

fret,  etc.,  and  the  numbers  at  the  lop  be  changed  into 

centimeters    by    writing    3.S    centimeters    for    0.125    f^^t, 

;.6  cenrimeters  for  0.25  feet,  etc,  the  table  will  be  ready 

for  use  with  metric  arguments  for  rectangular  orifices  30,5 

cefltinieters   wide. 

(An  50)  The  miner's  inch,  when  the  head  on  the 
center  of  the  orifice  is  16.5  centimeters,  is  0.0433  cubic 
meters  or  43.3  liters  per  minute. 

tfArt.  58)     In  using  (58)  an  the  metric  system,  a  and 
are  to  be  taken  in   square  meters.   H  in  meters,  g   as 
y.8o   meters   per  second   per  second,   and   "^^g  as   4.437; 
g  will  then  be  found  in  cubic  meters, 

B       Pu>b.  59a.  Michelotti  found  the  range  of  a  jet  to  be  0.25 
meters  on  a  horizontal  plane   1.41   meters  below  the  vertical 
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orifice,  which  was  under  a,  head  of  7.19  meters.  Compute  the 
coefficient '  of  velocity. 

Prob.  5%.  An  orifice  3  centimeters  square  was  under  a 
constant  head  of  4  meters,  and  during  230  seconds  the  jet 
flowed  into  a  tank  which  was  found  to  contain  iia,a  liters. 
Show  that  the  coefficient  of  discharge  was  o.6ia. 

Prob,  59c-  Find  from  the  table  the  coefficient  of  discharge 
for  a  standard  circular  orifice  7.$  centimeters  in  diameter 
under  a  head  of  a. 5  meters. 

Prob.  59d.  Compute  the  discharge  through  a  standard 
orifice  7.5  centimeters  square  under  a  head  of  S  meters. 

Prob.  59^.  Compute  the  time  required  to  empty  a  canal 
lock  7  meters  wide  and  3  a  meters  long  through  an  orifice  o£ 
t>.g  square  meters  area,  the  head  on  the  center  of  the  orifice 
being  5.1  meters  when  the  lock  is  filled. 
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CHAPTER  VI 
FLOW  OF  WATER  OVER  WEIRS 

Art,  60,      DESCHimoM  op  Weirs 

A   ^veir  is  a  notch  in  the  tuj>  of  the  vertical  side  of  a 
-vessel  or  reservoir  through  which  water  flows.     The  notch 
is   generally  recLaitj^lar,   and  the  word  war  will  be  used 
to   desigtiate   a  rectangular  notch   unless  otherwise  speci- 
fied, the  lower  edge  of  the  rectangle  being  truly  horizciital, 
aod    its   sides  vertical.     The  lower  eJgc  of  the   rectangle 
^  called  the  "crest"  of  the  weir      In  Fig,  60g  is  shown 
**  ^        T-'cjc   of   the  most   usual   form,  where   the  vertical 
<  _     A  \J    '»■  notch  are  sufficiently  removed  from  the  sides 


Fig.  60* 


Fro.  605 


of  the  reservoir  or  feeding  canal,  so  that  tlie  sides  of  the 
stream  may  be  fully  contracted ;  this  is  called  a  weir  with 
end  contractions.  In  the  form  of  Fig.  60^  the  edges  of 
the  notch  are  coincident  with  the  sides  of  the  feeding 
Cac^-.  so  th^l  the  filaments  of  water  along  the  sides  pass 
over  wnthoul  being  deflected  from  the  vertical  planes  in 
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■which  they  move;  this  is  called  a  weir  without  end  con- 
tractions, or  witli  end  ccntr^Lctioiis  suppressed.  Both  kmd& 
of  weirs  are  extensively  used  for  thy  measurement  of  water 
ia  eagiiieering  operations. 

It  is  nccessETy  in  order  to  make  accurate  measurements 
oE  discharg:e  by  a  weir  that  the  same  precaution  sliould 
be  taken  as  for  orifices  [Art.  fiS),  namely,  that  the  inner 
edge  of  the  notch  shall  be  a  definite  angular  comer  so 
that  the  water  in  flowing  out  may  touch  the  crest  only 
in  a  hne,  thus  insuring  complete  contraction.  Tn  precise 
j  obsen-alions  a  thin  metal  plate  will  be 

^5^^^^  used  fur  a  crest,  while  in  common 
^^^2^^^^^^  work  it  may  be  sufiicient  to  have  the 
i>]r^^p^I|^^    crest    formed    by    a    plank    of   smooth 


hard  wo<d  with  its  inner  comer  cut 
Fic,  flOc  to  a  sharp  right  angle  and  its  outer 

edge  beveled-  The  vertical  edges  of  the  weir  should  be 
made  in  the  same  manner  for  weirs  with  end  contrac- 
tions^  while  for  those  without  end  contractions  the  side* 
of  the  feeding  canal  should  be  smooth  and  be  prolonged, 
a  slight  distance  beyond  the  crest.  It  is  also  necessary 
to  observe  the  same  preeautionfi  as  for  orifices  to  prevent 
the  suppression  of  the  contraction  (Art.  53).  namely,  that 
the  distance  from  the  crest  of  the  weir  to  the  boUom  of 
the  feeding  canal,  or  rrservttir,  should  be  greater  l]>an  three 
times  the  head  of  water  on  the  crest.  For  a  weir  with  end. 
contractions  a  similar  distance  should  exist  between  tb 
vertical  edges  of  the  weir  and  the  sides  of  the  feeding 
canal. 

The  head  of  water  H  upon  the  crest  of  a  weir  is  usually 
much   less  than  the  breadth  of  the  crest  b.      The   value 
of  H  should  not  be  less  tlian  o,r  foot,  and  it  rarely  ex-| 
ceeds   1-5  feet.     The  least  value  of  fc  in  practice  is  about: 
0.5   feet,   and   it   docs   not   often   exceed    3o   feet-     Weirs-J 
are  e^Ltensively  used  for  measuring  the  discharge  of  small 
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an!aina,  and  for  determining  tlie  quantity  of  water  sup- 
plied to  hydraulic  motors;  the  practical  importance  of 
tilt  subject  is  &o  great  that  numerous  experiments  have 
Ufn  made  to  ascertain  the  laws  uf  flow,  ajiJ  tho  cijeffidents 

Since  the  head  on  the  crest  of  a  weir  is  small,  it  must 
ix  determined  %\-ith  predsion  in  order  to  avoid  error  in 
thecompuied  discharge.  The  hook  ga^e  which  is  illustrated 
JnArL.  35  is  generally  used  for  accurate  work  iu  connection 
with  hydrauhc  motors,  and  the  simpler  form,  consisting 
d  a  hook  set  into  a  leveling  rod,  is  usually  of  sufficient 
pToisTon  for  many  cases.  For  rTiugh  gagings  of  streams 
ihe  licada  may  be  determined  by  setting  a  post  a  few 
(kI  up-stream  from  the  weir  and  on  the  same  level  as 
the  crests  and  meitsuring  the  depth  of  the  water  over  the 
top  of  the  post  by  a  scale  graduated  to  tenths  and  hun- 
drtdths  of  a  foot,  the  thousandths  being  either  efitimated 
IT  omitted  entirely. 

The  head  H  on  the  crest  of  tlie  weir  is  in  all  cases  to 
be  measured  several  feet  up-stream  from  the  crest,   as 
iadicAted  iu  Fig,  60f.      This   is   necessury  because   of    the 
ctiTvt  taken  by  the  surface  of  the  water  in  approaching 
Che  w^.     The  distance  to  which  this  curve  extends  back 
from  the  crest  of  the  weir  depends  upon  many  circum- 
(Art,  69),    but    it    is   generally  considered    that 
^cl   water  will  be  found  at   a  or  3   feet  back 
for    small  weirs,    and   at    6  or  8  feet  for 
large   weira.     It   is   desirable   that   the   hook  should 
be  placed  at  least  one  foot  from  the  sides  of  the  feeding 

kanal,   U  possible.     As  this  is  apt  to  render  the  position 
i   the  observer  uncomfortable,   some  experimenters  have 
laced  the  hook  in  a  pail  a  few  feet  away  from  the  canal, 
the  water  being  led  to  the  pail  by  a  pipe  which  joins  tlie 
^^eedmg  canal  several   feet  liack    from  the    crest,  and  the 
^Ivater  should  enter  this  pipe,  not  at  its  end,  but  through  a 
a  ntunber  of  hoks  drilled  at  intervals  along  its  circumfer- 
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ence-  Piezometers  (Art,  SB)  consisting  of  a  glass  tube  and 
scale  arc  also  sometimes  used  for  large  lieads,  the  water 
being  led  to  the  tube  by  such  a  pipe. 

Prob-  60.  The  trough  of  a  werr,  several  feet  bark  from  the 
crest,  is  4,0  feet  wide,  and  the  depth  of  water  in  it  is  1.96  feet. 
What  is  the  mean  velocity  in  this  trough  when  the  flow  over 
the  weir  is  4-2A  cubic  feet  per  second? 

Art,  61,     Fofmxtlas  for  Dischabgb 

Referring  to  the  demonstration  of  Art.  48  it  js  seen 
that  a  rectangular  orifice  becomes  a  weir  when  the  licad 
on  its  top  is  zero.  Let  b  be  the  breadth  of  the  notch, 
commonly  called  the  length  of  the  crest,  and  H  the  head 
of  water  on  the  crest.  Then  replacing  ki  by  o  and  /f,  by 
H,  the  theoretic  discharge  per  second  is 

The  head  H  is  not  the  depth  measured  in  the  plane  of 
the  crest,  for  since  the  deduction  of  the  formula  assumes 
nothing  regarding  the  fall  due  to  the  surface  curve,  and 
regards  the  velocity  at  any  point  vertically  over  the  crest 
as  due  to  the  head  upon  that  point  below  the  free  water 
surface,  it  seems  that  H  should  be  measured  with  reference 
to  that  surface,  as  is  actually  done  by  the  hook  gage 
The  above  formula  then  gives  the  theoretic  dischat^e  per 
second,  provided  that  there  be  no  velocity  at  the  point 
where  H  is  measured,  which  can  only  be  the  case  when 
the  area  of  the  weir  o]iciiing  is  very  small  compared  to 
that  of  the  cross-section  of  the  feeding  canal  This  con- 
dition would  be  fulfilled  for  a  rectangular  notch  placed 
at  the  side  of  a  large  pond. 

When  there  is  an  appreciable  velocity  of  approach 
of  the  water  at  the  point  where  H  is  measured  by  tlie 
hook  gage,  the  above  formula  must  be  modified.  Let  v 
be  the  mean  velocity  in  the  feeding  canal  at  this  section; 
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this  velocity  in^~T3e  regardeiJ   as  due  to  a  frilly  k,   from 

the   surface    of    still    wat^.r    at 

scfWc  distance   up-stream    from 

Ihe  hook,  as  shown  in  Kig.  61. 
A'ow  the  tnie  head  on  the  crest 
iof  the  weir  is  If-\-h,  as  this 
wo«M  have  been  the  reading 
of  the  hook  gage  had  it  beeu 
placed  where  the  wator  had  no  velocity.  Accordingly  the 
theoretic  discharge  per  second  ia 


Fig.  61 


Q~is/,g.b(H^h)^ 


^pn  'Erhich  H  is  read  by  the  hook  and  /j  is  to  be  determined 
from  the  niean  velocity  t\ 

The  actual  di&cliarge  is  Eilways  less  than  the  theoretic 
discharge,  due  to  the  contraction  of  the  stream  and  the 
resisliinces  of  the  edges  of  the  weir.  To  take  account 
of  these  a  coefficient  is  applied  to  the  theoretic  formulas 
in  the  same  manner  as  for  orifices;  these  coefficients  be- 
ing determined  by  experiment,  the  formulas  may  then 
be  used  for  comi^uting  the  actual  discharge.  It  has  also 
been  proposed  by  Hamilton  Smith  to  modify  the  head 
A,  owing  to  the  fact  that  the  velocity  of  approach  is  not 
constant  throughout  the  section,  but  greater  near  the 
suiiace  than  near  the  bottom,  as  in  conduits  and  streams. 
(Art-  USV     Accordingly   the  fcillowi^g  may  be  written  aa 

^^a  expression  for  the  actual  discharge: 

B^'  q  =  c.i\/^MH-^nh)^  (61), 

^ji  which  c  is  the  coefficient  of  discharge  whose  value  is 
^Btways  less  than  unit)',  and  n  is  a  number  which  lies  be- 
tween t,o  and   1.5.     For  the  English  system  of  measures 
.a  mean  value  of  Vag  Js  S.oao.  but  a  more  precise  value 
i-can  be  computed  from  (7)^  for  any  locahty. 

The  above   formulas  are  not  in  all  respects  perfectly 
LtisCactory,  and  indeed  many  others  have  been  proposed. 
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one  of  th«e  l>eing  derived  from  (31)^  by  making  A, 
ky^H,  and  fti  =  o.     The  actual  discli^rge  diHers,  however, 
so   much  from  the  iheoretical  that  the  final  dependen 
Tnusl  be  upon  the  coefBcient^  deduced  from  ej;periment, 
and   hence   any   fairly   reasonable    furmuJa   nay    be 
within   the   tirnhs  for  whkh  its  coefficients  ha\-e   b 
(^stabbshed.     la  spite  of  the  objections  which   may   he 
Faut?«1   against   all   forms   of   formulas,    the   fact   remains 
that  the  medsarement  of  walf^r  by  weira  is  one  of  the  most 
ttaivritienl  methods,  and  probably  the  most  precise  method, 
tuiless  the  quantity  is  so  small  as  to  pass  through  a  circular 
oHflce  less  than  one  foot  in  diameter.     With   proper   pie- 
e^tutions  the  iirobablc  error  in  measurements  of  discharge 
by  weirs  sh^^uM  br  tess  than  two  or  three  percent. 

Pft^h.  filJ-  Kind  the  velocity-head  h  when  the  mean  velocity 
(if  ftppioai-h  is  lo  £«t  per  mmute.  j 

|*roh.  6lfr,  Show  by  using  formula    (6l)   that  an  error  f>r| 
•htnit  oHT^hall  ol  onf  T«rcenl  results  in  the  computed  discharge 
it  All  trrof  of  0,001  (eel  be  made  in  ceadiDg  the  head  wbca 
U^^}  Cect. 


Akt.  flS.    Vflocitv  ot  Approach 

The  h«nl  '"  whicli  produces  the  velocity  v  is  e:^presse(t 
by  t'Vu'p  ttnd  \n  the  case  of  a  vi-eir.  the  velocity  of  approach 
|j  U  dnu  Ui  w  full  fi\>ni  the  height  h\    thus  the  velocity- 

htMiX  li 

A-tV3fi-D.oiS55W> 

fkitil  wliru  f^  U  WnowTi  h  can  be  computed.  One  way  of 
f\uAUi^  r  ii*  liwT"«.Tvi-the  limcof  passage  of  a  float  through 
n  UtviMi  ilihJftiKr;  but  this  is  not  a  precise  mctho*!.  The 
\f\uA  «"»^*lui^l  is  i'*  compute  v  from  an  approximate  value 
(il  lln»  diwlmri-p,  which  is  first  computed  by  regarding  t\ 
fi\\y\  li*'lio**  h,  M  «cro.  This  determination  is  rendered 
piH»ll>l«  hy  \Uo  fuel  that  V  is  usually  small,  and  hence 
\U^i  *»  ii  ijuHfl  tmiill  IL*  compared  with  //_ 
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Let  B  be  the  breadth  of  the  cross-section  of  the  feeding 
canal  at  the  place  where  the  readings  of  the  book  are 
taken,  and  let  6^  be  its  depth  below  the  crest  (Fig.  (61). 
The  area  of  that  cross-section  then  is 

The  mean  velocity  in  this  section  now  is 

in  which  if  is  foimd  from  the  formula 

This  value  of  tf  is  an  approximation  to  the  actual  dis- 
charge; from  it  t;  is  found,  and  then  h.  after  which  the 
discharge  q  can  be  computed.  If  thought  necessary,  h 
may  be  recomputed  by  using  q  instead  of  if\  but  this 
will  rarely  be  necessary. 

For  example,  the  small  weir  with  end  contractions 
used  in  the  hydraulic  laboratory  of  Lehigh  University 
prior  to  1896  had  ^-=7.82  feet  and  G  =  2.^  feet.  The 
length  of  the  weir  b  was  adjustable  according  to  the  quan- 
tity of  water  delivered  by  the  stream.  On  April  10,  188S, 
the  value  of  b  was  1.330  feet,  and  values  of  H  ranged 
from  0-429  to  0.388  feet.  It  is  required  to  find  the  velocity 
r  and  the  head  h.  when  H^o.^ig  feet.  Here  the  co- 
efficient c  is  0.602  (Table  23),  hence  the  approximate  dis- 
charge per  second  is 

g' -0.602  XJXS.02X  1-33X0-439* 
or  ^^  =  1.203  cubic  feet  per  second. 

The  mean  velocity  of  approach  then  is 

and  the  head  h  producing  this  velocity  is 

/i^o.oi55s  X0.053'— 0-00004  feet, 
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which  15  too  small  to  be  regarded,  since  the  hook  gage 
used  determined  the  heads  only  tcj  tliousandths  of  a  foot. 

The  head  h  may  be  directly  expressed  in  terms  of 
the  discharge  by  substituting  for  v  its  value  q/A ;  thus 

h-o.ojsssi'l/^)'  (62) 

and,  in  general,  this  expression  will  be  found  the  most 
convenient  one  for  computing  the  value  of  the  head  cor- 
responding to  the  velocity  ui  approiich. 

With  a  weir  opening  of  given  size  under  a  ^ven  head 
H,  the  v&locity  of  approach  is  less  the  greater  the  area 
of  the  section  of  the  feeding  canal,  and  it  is  desirable  in 
building  a  weir  to  make  this  artvi  large  so  that  the  velocity 
V  may  be  small.  For  large  weirs,  and  particularly  for 
those  without  end  contractions,  v  is  sometimes  aa  Iiirge 
as  one  foot  per  second,  giving  /i  — 0.0155  ^^^^-  ^^id  these 
should  be  regarded  as  the  highest  values  allowable  if 
precision  of  measurement  is  required, 

Proh,  62.  Fteley  and  Steams'  large  suppressed  weir  bad  the 
following  dimensions:  h  =  E=  18956  feet,  (7=  6.55  feet,  and  the 
greatest  measured  head  was  i.6ojS  feet.  Taking  i'  —  o.Saa, 
compute  the  velocity  uf  approacli  and  its  velot^ly-hcad. 


Art.  63,     Wbirs  with  End  Contractiovs 

Let  b  be  the  bresidth  of  the  notch  or  length  of  thc^ 
weir,  H  the  head  above  the  crest  measured  by  tlie  hook 
gage,  and  c  an  experimental  coefficient.  Then  if  there 
"be  no  velocity  of  approach  the  discharge  per  second  is 

q-e.iV^.bH^  (63), 

But  if  the  mean  velocity  of  approacli  at  the  section  whore 
the  hook  is  placed  be  v,  let  h  bo  the  head  which  would 
produce  this  velocity  as  computed  by  (525.  Then  the 
discharge  is 


AVT.  (3 
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The  quantity  //  + 1,4/1  is  called  the  effective  head  on 
lh€  urest.  and.  as  shown  in  the  last  article,  k  is  usually 
small  comp>ared  with  the  head  H. 

Table  23  contains  values  of  the  cnefficicnt  of  dischfirge 
as  deduced  by  Hamilton  Smitli,  from  a  discussion  t>f  the 
experiments  niiide  by  Lcabros,  Prancis,  Ftcley  and  Steams. 
and  others.*  In  these  espenments  q  was  determined  by 
actual  measurement  in  a  tank  of  large  si^e,  and  the  other 
quiintities  being  obser\.'c'iJ  the  coefficient  c  was  computed. 
Values  of  c  for  dilTerent  lengths  of  weir  and  for  different 
beads  were  tbus  obtained,  and  after  plotting  them  mean 
cur\'es  were  dra-^Ti  from  which  intermediate  values  were 
Uiken.  The  heads  in  the  Rrst  colunin  are  the  effective 
eads  H+  I  -4h;  but  as  A  is  small,  little  error  can  result  in 
using  ii  as  the  argument  with  which  to  enter  the  table 
selecting  a  coefficient- 
It  is  seen  from  the  table  that  the  coefficient  c  increases 
-with  the  length  of  the  weir,  which  b  due  to  the  fact  that 
the  end  contractions  are  independent  of  the  length.  The 
coefficient  alsc*  increases  as  the  head  on  the  crest  diminishes. 
The  table  also  shows  that  the  greatest  variation  in  the 
ffirients  occurs  under  small  heads,  which  are  hence 
be  avoided  in  order  to  secure  accurate  measurements 
discharge. 

Interpolation  may  be  made  in  tliis  table  for  heads 
lengths  of  weirs  intermediate  between  the  values 
ven,  regarding  the  coefficient  to  vary  uniformly  be- 
vroen  the  values  ^iven.  When  coefneicTita  arc  frequently 
Inquired  for  a  weir  of  given  length  it  W'ill  be  best  to  make 
out  a  special  table  for  that  weir  and  to  diagram  the  re- 
sults 10  a  large  scale  on  cross-seetion  paper,  so  that  inter- 
poUlion  for  different  heads  can  be  more  readily  made. 

-As  an  e?mmple  of  the  use  of  the  formulas  and  Table 
23,    let   it   be   required   to   li:id   the   discharge   per  second 

*  HydratiUcK  tLQndan  and  Xew  York.  i£S4),  p,  131, 
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over  a  weir  4  feet  long  when  the  head  H  is  0.457  fe^. 
there  being  no  velocity  of  approach.  Prom  the  table 
the  coefficient  of  discharge  is  0.614  for  //— 0.4  and  0.6095 
for  //  =  o.s.  which,  gives  about  0,613  when  H  =o.4^j. 
Then  the  discharge  per  second  da 

g  =  o.6ijXiX8,oaX4Xo.457l  =  4,o4  cubic  feet. 

If  the  width  of  the  feeding'  canal  he  ;  feet,  and  its  depth 
bebw  the  crest  be  1.5  feet,  the  velocity-head  is 

'i-°-°'55s(^~7j6)   -0.00134  feet. 

The  cJTective  head  now  becomes  i/  + 1 .4A — 0.45  9  feet, 
and  the  discharge  per  second  over  the  weir  is 

q— 0-61aXJXS.0aX4X0.459l— 4.07  cubic  feet. 

It  is  to  he  observed  that  the  rehabihty  of  these  computed 
discharges  depends  upon  the  precision  of  the  obserx'ed 
quantities  and  upon  the  coeiricient  c;  this  is  probablv 
liable  to  an  error  of  one  or  two  units  in  the  third  decimal 
place,  which  is  equivalent  to  a  probable  error  of  about 
three-tenths  of  one  percent-  On  the  wliole,  regarding 
the  inaccuracies  of  observation,  a  probable  error  of  one 
percent  should  at  least  be  inferred,  50  that  the  value 
^  —  4,07  cubic  feet  per  st-cond  should  strictly  be  written 
?  =  4.07  ±0,04,  that  is,  the  discharge  per  second  has  4,07 
cubic  feet  for  its  most  probable  value,  and  it  is  as  likely 
to  be  between  the  values  4.03  and  4-11  as  to  be  outside 
of  those  limits. 

la  very  precise  work. the  value  of  the  acceleration  g 
shculd  be  computed  from  formula  (7)^  for  the  x^iTniciilar 
lutitude  and  elevation  above  sea  level  where  the  weir  is 
located. 

Prob.  63^.  A  weir  in  north  latitude  40*  34'  and  395  feet 
nbave  aea  level  has  a  lea^h  of  3.$  feet-  Compute  the  6\^\ 
diHTEntover  it,  Ihe  feeding  canal  having  the  width  6  feet  and  the; 
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Eh  b*low  crest   r-6  feet,  when  the  heads  on  Iho  crest  aro 
1.314.  o  315.  and  0-316  feet, 

Prob.  63i^.  Campntp  the  coefficient  of  discharge  for  the  fol- 
lovring  experiment  by  FranoiH,  in  whith  q  was  found  by  actual 
measurement  m  a  large  tank-  6  =  5^997  feet,  B  =  t}.g6  feet, 
<7  — 4-19  f«t-  H=i-SM3  '«t,  3£  =  64-3»3*i  and  q  =  6i.33a 
cubic  feet  per  second. 


-Art.  64-     Weiks  without  End  CoNTRACTro>js 

For  weiis  without  end  contractions,  or  suppressed 
m"»eirs  as  they  are  often  called,  when  there  is  no  velocity 
of  appf>^achi  the  discharge  per  second  is 


and  when  there  is  velocity  of  approach, 


C6'»)» 


^ 


Here  the  notation  is  the  same  as  in  the  last  article,  and 
f  is  to  be  taken  from  Table  25»  which  yives  the  coeflicieuts 
of  discharge  as  deduced  by  Smith,  in  iSSB. 

It  is  seen  that  the  coefficients  for  suppressed  weirs 
gieater  than  for  those  with  end  contractions:  this 
of  <»UT^e  should  be  the  case,  as  contractions  diminish 
the  dischar^.  They  decrease  with  the  length  of  the 
weir,  while  those  for  contracted  weirs  increase  with  tlie 
leoglh.  Their  greatest  variation  occurs  under  low  heads, 
where  Ihey  rapidly  increase  as  tlie  head  diminishes.  It 
should  be  observed  that  these  coefficients  are  not  reliable 
for  lengths  of  weirs  under  4  feet,  owing  to  the  few  ex- 
periments which  have  been  made  for  short  suppressed 
wears.  Hence,  for  small  quantities  of  water,  weirs  v^ith 
end  contractions  should  be  built  in  preference  to  sup- 
piresscd  weirs.  For  a  weir  of  infinite  length  it  would  be 
immaterial  whether  end  contractions  exist  or  not;  hence 
for  such  a  case  the  coefficients  lie  between  the  values 
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for  the  19-foot  weir  in  Table  23  and  those  for  the  19-foot 
TCir  in  Tablo  25, 

For  a  numerical  illustration  a  suppressed  weir  having 
the  same  dimensions  as  in  the  example  of  the  last  article 
will  be  used,  namely,  ^  —  4  feet,  (7  =  1-5  f^^^'  ^^'^  ^^o-457 
feet.  The  ooeflioient  is  found  from  Table  25  to  be  0-630; 
then  for  no  velocity  of  approach  the  discharge  per  sec- 
ond is 

*;-o.6jo\JxS. 0^X4X0.4571  =  4.16  cubic  feet. 

Here  tlie  wndth  l^  is  aho  4  feet;  the  head  corresponding 
to  tlie  vekvity  of  upprixich  then  is  by  (62), 

A-o.oi555(—:Y— 1  —0,0044  feet, 

and  the  elTivii\v  head  on  i5w  cnest  is 

//*iiA— 0.46J!  feet, 

from  >vhic!;  the  v?ia.-b;uye  per  sevond  is 

c  -v-^  ^^^^\  i  \^,ci  \4\o,4f>jil°-4.J4  cubic  feet, 

Ti'.^?:  ?^^<>>\^  :^iii  tI^o  \vkvi:y  o:  apprr^ach  exerts  a  greater 
iv,:;xu"..xx^  v.;.\'::  t::o  ^M?v>,.ir^*  iha::  in  the  case  of  a  weir 

'^V  V  t^i    C^^',v\-\:',e   tho  xX^schir^  prr  s**xiQd  over  a  ircir 
'ft-.: -.'.;:  i\-..\  .vx',;r^»-::.r-?  v^hcr,  >  —  c,.>c5  i^tx^  iJ— 0.^955  feet» 

Asr  ^>      ?^avt:>'  Fonim-is 
T^i-*    :."r."'.f>,.j    ""1^:    i:\:;'-'-,s:^^'>.-   '^wvi    frr   computing 

*^sV"'/, ,3,- :^.'^   ^.x-t"'.":";^^"^   ':'.".i    .-;>   :^;y  ir^   simed  vitbout 

^-v'.v.LV^r  ^■'.>:-7':^;-":>  :>;-v  ,:,";  :.-  V<  rt^^sjr,^!  .as  p^TCg  only 
'.-vj*T-,  -;v*-\/' _.-.;^  Tv>-..;;i  "-■-:  ;\\vrz:nrr.is  '■wre  made 
OK  li."pf  T-'i  ."s  v.v^'.   .:  '.'-;:".  -.::  :=>;:   j-^c^-t;,  ad^  -rci  beads. 
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ranging  from  0.4  to  r.fi  feel,  so  that  the  formulas  apply 
fwinicularly  to  such,  rather  than  to  shctrt  weirs  and  luw 
he^s.  The  length  b  and  the  head  H  being  expressed  in 
feet,  the  discharge  per  second,  when  there  is  no  velficity 
of  approach,  is,  for  weirs  without  end  contractions,  or 

ippressed  weirs, 


and  for  weirs  with  end  contractions, 

Here  it  is  regarded  that  the  effect  of  each  end  contraction 
is  to  diminish  the  effective  length  of  the  weir  by  o.iH. 
Id  these  formulas  b  and  H  must  be  taken,  in  feet  and  q 
will  be  in  cubic  feet  per  second. 

Francis'  method  of  correcting  for  velocity  of  approach 
differs  from  that  o£  Smith,  and  is  the  same  as  that  ex- 
plained in  Art.  51.     The  head  k  causing  the  velocity  of 
approach  is  computed  in  the  usual  way,  and  then  the 
,ulas  are  written,  for  weirs  witlioul  end  contractions, 

for  weire  with  end  contractions, 

is  necessary  that  this  method  of  introducing  the  velocity 
of  approach  should  be  strictly  observed,  since  the  mean 
number  ^^23  ^^s  deduced  for  this  form  tif  expression, 

^m  It  is  seen  tWt  the  number  3.33  is  c-jV^g,  where  c 
^B  the  true  coefficient  of  discharge.  The  8S  expenments 
■boTO  which  this  mean  value  was  deduced  show  that  the 
coeffiriont  3.33  actually  ranged  from  3.30  to  3.36,  so  that 
ly  the  use  of  the  mean  value  an  error  of  one  percent  m 
ibe  computed  discharge  may  occiw.  When  such  an  error 
is  of  no  importance  the  furmula  may  be  safely  used  for 
m'eirs  longer  than  4  feet  and  heads  greater  than  0,4  feet. 
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Pvolb,  65l  Fad  bf  Frtxsar  GianiHlu  \he  discharge   when 
B— r  ficrt.  fc"4  ie«t,  H=o^s7  feet,  and  C—1-5  feet,  the  weir 
■e  viih  Old 
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is  to  l>e  compulcJ  hy  icaing  the  modified  Francis'  fonnula 


'?  =  3-.V^^("^0 


mh 


The  values  of  n  deduces!  by  Herscliel  are  given  in  TabJe 
27.  Xhey  are  liable  to  a  probable  error  of  about  one 
unit  in  the  secimd  decimal  pL'ice  when  H'  U  less  than 
o.sll,  and  to  greitttr  errors  in  the  remainder  of  the  lable> 
valu*:«  of  tt  less  tlian  0.70  being  in  particular  uncertain.  It 
b  seen  that  H'  may  l>e  neiii'ly  cme-dfth  of  H  without  affect- 
ing   the   discharge  more  than  two  percent. 

A  rational  formula  for  the  discharge  over  submei^ed 
vreir^  may  be  deduced  in  tlie  following  manner.  The 
tlkeoxotic  discharge  miiy  be  regarded  as  composed  of  two 
portions,  one  through  the  upper  part  H-^H',  and  the 
otlier  thruuEh  the  lower  part  U\  The  portion  through 
the  upper  part  is  given  by  the  usual  weir  formula,  /f — if' 
b^ng   the  head.  cjT 

and  that  through  the  lower  part  is  given  by  the  formula 
ftrt-  a  submerged  orifice  (Art.  52).  in  which  b  is  the  breadth, 
//'  the  height,  and  H  —  H'  the  effeotiv'e  head,  or 

The  addition  of  these  gives  the  tota.1  theoretic  dischaj;ge, 

^yfijcJi  may  be  put  into  the  more  convenient  form, 

Ttio  ajctual  discharge  per  second  may  now  be  written, 

in  which  c  is  the  coefficient  of  discharge. 

Ftcley  and  Steams  adopt  the  above  formula  for  the 
discharge,  or  placing  m  lot  c.^s/^g,  they  write,* 

5-Mi(/f  +  i/f'J<//-/n*  (66), 

V  'XreasactloDA  Aiurriom  Society  Civil  Etif.'iniwn,  tSBj,  voL  f  >,  p.  103. 
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and  from,  their  experiments  deduce  the  following  values 
of  the  coefficient  M : 

for 


for 


These  are  for  suppressed  weirs;    for  contracted  weirs  few 
or  no  experiments  are  on  record. 

In  what  has  thus  far  been  said  velocity  of  approach 
has  not  been  considered.  This  may  be  taken  into  account 
in  the  usual  way  by  determining  the  veiocity-head  /:, 
and  thus  correcting  H.  But  it  is  unnecessary,  on  account 
of  the  hmited  use  of  submerged  weirs,  and  the  consequent 
lack  of  experimental  data,  to  develop  this  branch  of  the 
subject.  \\'hat  has  been  given  above  will  enable  a  prob- 
able estimate  to  be  made  of  the  dischai^e  in  cases  where 
the  water  accidentally  rises  above  the  crest,  and  further 
than  this  the  use  of  submerged  weirs  cannot  be  recom- 
mended, 

pTob,  HG.  Compute  by  two  methods  the  discharge  over  a 
sulmiorgi\l  weir  when  b  =  &.  H  —  o.46,  and  /f'  =  o.aa  feet. 

Art.  €V7.     RorxDED  .\xd  Wide  Crests 

Wlion  tho  inner  edge  of  the  crest  of  a  \veir  is  rounded, 
:is  al.  ^i  iu  Fig.  67.  ihe  discharge  is  materially  increased 
as  iu  llic  lmhc  v'f  orilws  {-\tx.  54),  or  rather  the  coefficients 

of  discharge  become  much 

""^^^^V  ^^^^**^   Lirger  than  those  given  for 

r    tw\      1"^^   '^^^  standard  sharp  crests. 

'^1    1  i   '^   1     ^'-^"     ^^S^^     of    rounding 

,s^    ^_  influences     so     much      the 

anu^nt  of  increase  that  no 

drtuii'r  valius.MT)  K'r^ta5i\*,  :*v.vi  tho  svibjcct  is  here  merely 

jnouli-'iiol  iu  vrkUi-  ;.^  cn;j^:,:isi;:c  ;];e  fact  that  a  rounded 
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inner  edge  is  always  a.  source  of  ctrcr.  If  the  radius  of 
the  rounded  edge  is  small,  the  sheet  of  escaping  water 
is  at  Si  point  beJow  the  top  fti  in  the  figure),  which  has  the 
practical  effect  of  increasirg  the  measure<l  head  by  a 
constant  quantity.  The  experiments  cE  Fteley  and  Stearns 
show  that  when  the  radius  is  less  than  one-lialf  an  inch, 
the  discharge  can  be  computed  from  the  usual  weir 
formula,  seven-tenths  of  the  radius  being  first  added  to 
the  measured  head  H. 

Two  wide-crested  weirs  with  square  inner  comers  are 
m  in  Fig-  67,  the  one  at   B  being  of  sufficient  width 

that  the  descending  sheet  may  just  touch  the  outer 
edge,  causing  the  flow  to  be  more  or  less  disturbed,  while 
that  at  C  has  the  sheet  adlieiin^'  to  the  crest  for  some 
<]istance.  In  both  cases  the  crest  contraction  occurs, 
although  water  instead  of  air  may  fill  the  space  above 
the  inner  comer.  Fi^r  B  the  discharge  may  be  equal 
to  or  greater  than  that  of  the  standard  weir  having  the 
same  head  H,  depending  upon  whetlier  the  air  has  or  has 
Tiot  free  access  tieneath  the  sheet  in  the  space  fibovc  the 
crest.  For  C  the  discharge  is  always  less  than  that  of 
the  standard  weir  ftith  sharp  crest. 

Table  28  is  :in  abstract  fn:im  the  results  obtained  by 
Fteley  and  Steams,*  and  gives  the  corrections  in  feet  to 
he  subtracted  from  the  depths  on  a  wide  crest,  like  C 
in  Fig-  67.  in  order  to  obtain  the  depths  on  a  standard 
shurp-crested  suppressed  weir  giving  the  same  discharge. 

Proh,  GT.  Compute  the  diEchaxge  over  a  crest  1.5  feel  wide 
i€K  a  w«ir  lo  feet  Long  when  Llie  head  is  0,850  £ect. 


Art.  5S.     Waste  Weirs  and  Dams 

Waste  weirs  are  constructed  at  the  sides  of  reservoirs 
in  larder  trj  ullow  the  surplus  water  to  escape.  Tliev  are 
usually  arranged  so  that  the  end  contractions  are  suppressed- 

•  TVviuactioiia  Amencan  Socu^ty  CivD  HQj{iD«Tt^  '3^*3,  voL  u,  p,  96, 
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WTien  the  crest  is  narrow  and  the  front  vertical  so  that 
the  descending  sheet  of  water  has  air  upon  its  lower  side, 
the  discharge  is  approximately  given  by  Francis"  weir 
fofmula  (Art.  G5}, 

in  ivhich  b  is  the  length  of  the  crest,  and  H  the  head 
measured  some  distance  back  from  the  crest.  \\'heii  the 
crest  is  wide  and  the  approach  to  it  is  inclined,  as  is  nften 
the  case<  the  dischEirge  is  somewhat  smaller.  For  a  crest 
about  three  feet  wide  and  leve],  i^ith  an  inclined  approach 
back  of  it,  Francis  deduced  from  his  experiments, 

which,  for  a  head  of  one  foot,  gives  a  discharge  ten  percent 
less  than  that  of  the  first  fomiuJa, 

In  constructing  a  waste  weir  the  dischai^e  q  is  generally 
kno^Mi  or  assumed,  and  it  is  required  to  determine  b  and 
U.  The  latter  being  taken  at  i,  a,  or  3  feel,  as  may  be 
judged  safe  and  proper^  b  is  found  by  one  of  these  formulas. 
Ftir  example,  if  the  crest  be  wide,  q  be  Sy  cubic  feet  per 
second,  and //be  two  feet,  then 

Iog6-log87-1ogj.oi- 1.53  log! 

from  which  log&  =  i.ooo4,  whence  fr  =  io.Q  feet.  If,  how- 
ever, ttie  crest  be  narrow,  the  first  formula  gives  b  =  g.a 
feet.  Evidently  no  great  precision  is  needed  in  C(jniput- 
inp  the  length  of  a  waste  wcir^  since  it  is  difficult  lo  de- 
temiiie  the  exact  discbarge  which  is  to  pass  over  it^  and 
an  ample  factor  of  safety  should  be  introduced  to  cover 
un\i£ua]  floods- 

The  above  formulas  may  be  used  for  obtaining  the 
lipprosimate  flow  of  a  stream  in  which  a  dam  with  level 
cro[»l  has  been  btiilt.  The  water,  however,  is  often  rfr- 
floivcd  upm  an  apron  of  limber  or  masonrj',  and  the 
Inclirtunon  of  this,  as  well  as  the  inclination  of  the  ap- 
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proach  10  the  crest,  Tnatcrially    modifies  the    discharge. 

The  formula  

q=c..!i'^2f^  bH^-KbH^  (68). 

is  usually  employed  for  dams  and  it  is  found  that  the 
i-aJue  of  w.  fnr  English  measures,  niay  ran^e  under  djffer- 
lent  circuTDsiances  from  2.5  tn  4,?.     This  is  modified   below 
^r  velocity  of  approach.  (Art.  62J. 

Experiments  were  made  by  Bazin  in   1857*  on  dams 
from  1.6  to  1,5  feet  high  vnXh  heads  of  water  00  the  crests 

tngJTig  from  0.2  to  1.4  feet.     For  the  case  of  Fig,  6Sa 
e  approach  had  an  inclination  of  i  on  j  and  the  front 
ivas  vertical;    when  the  width  of  the  crest  was  0.33  feet, 
the  coefficient  m  varied  from  3,24  to  4.r2  as    the    head 
tacreased  from  0,^7  to  1.41  feet;    when  the  width  of  the 
crest  was  0,66  feet,  m  varied  from  3,10  to  3.89  for  similar 
beads.     For  the  case  of  Fig.  6Sfe  both  approach  and  apron 
had  slopes  of  i  on  a  and  the  crest  was  0-66  feet  wide; 
here   u    increased  from   2. S3   to   3.75  as  the  head  ranged 
Crotn  0.23  to  1,4^  feet.     For  Fig.  6Sc.  with  a  crest  3.6a 
^■ect  vride,  U  ranged  from  v. 47  to  a-76,  but  when  the  up- 
^Kream  corner  was  rounded  to  a  radius    of   4  inches  it 
PKanged  from  a. 71  to  3,13,     Here  it  is  seen  that  widening 
the  crest  decreases  the  discharge,  as  already  noted  in  Art. 

K7,  and  that  the  apron  produces  a  similar  influence. 
Experiments  on  a  larger  scale  were  made  hy  Rafter, 
1     i8i>8.    for    the    U.    S.     Deep    Waterways   Commission 
at  the  canal  of  the  Cornell  hydraulic  laboratory,  in  which 
the   flow  aver  dams   was  measured   by  a    standard  weir. 


^ 


■  Annalrt  duponU  el  cbauMd«^,  r^Qfl;    tran^iEatt^d  by  Rafter  in  Tran>- 
■cticmt  AiDtrican  Soaely  Civil  1]!n£inecri.  i^co,  vol.  ,44,  p,  134. 
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Tlie  results  of  these  experiments  are  given  in  Table  29, 
the  first  five  being  for  dams  of  the  forrii  shown  in  Pig. 
68a,  the  next  three  for  dams  like  Fig.  6Sb,  and  the  next 
four  for  danis  like  Fig.  G8t;,  those  marked  ^vith  an  asterisk 
ha^Tng  the  np-stre;Lm  comer  rounded  to  a  radius  of  4 
inches.  The  last  hue  of  the  table  refers  to  a  section  whose 
lop  was  five  feet  wide  and  rounded  to  ii  radius  of  3,37 
feetn  the  rounding  beginning  on  the  up-stream  side  one 
foot  below  the  crest.  The  height  of  these  dams  varied 
iroxn  ^.56  to  4.91  feet,  and  the  length  of  the  crest  was  in 
all  cases  6.5S  feel  • 

Rafter  also  made  experiments  on  some  otlier  forms 
of  dams.     The  one  shown  in  Fig.  6Ed  had  a  vertical  front 
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4.57  feet  deep,  and  the  two  back  slopes  were  i  on  6  and 
t  on  i,  the  width  of  the  former  being  4,5  feet;  the  values 
of  M  for  this  case  ranged  from  3.33  to  3.46  for  heads  rang- 
ing from  1.0  to  6.0  JeeL  The  one  shown  in  Fig,  6Rf  had 
a  total  width  of  about  23  feet  anri  a  height  of  4,53  feet, 
the  slopes  of  the  approach  and  apron  being  1  on  6,  and 
that  just  below  the  crest  about  1  on  i.  the  vertical  depth 
of  this  being  0,75  feet ;  for  this  the  mean  values  of  i£  range*! 
from  3-07  to  3-37  for  hea.ds  ranging  from  i.o  to  6,0  feet, 
the  smaller  coefficients  being  due  to  the  contact  of  the 
water  with  the  apron. 

By  the  use  of  these  coefficients  the  dischiirge  of  a 
small  stream  over  a  dam  under  medium  heads  mav  be 
computed  with  a  degree  of  precision  probably  as  htgh 
as  other  methods  will  give.  After  finding  q  irom  (6S)i 
the  head  h  cc:>rresponding  to  the  \'elocity  of  ajjproacb  is 
to  be  determbed  by  (62)^  and  then 

*  Tranmcdcms  American  Society  CivEl  Engiotcra,  1900^  voL  44,  p,  j66. 
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w  !■>  ht  used  for  obtaining  a  more  precise  value  cif  the 

dischai^e.     For  example,   suppose  a  dam  of  the   form  of 

Fig.  fl&i  to  be  Jafi  feet  long  with  a  luick  slope  of  i  on  4, 

and  to  have  a  bead  of  j.y$  feet  on  its  crest.     From  Table 

2U  XhGTG  is  found  by  iulerpokitkm  m=3.45,  ami  then  by 

(68),  the  approximate  discharge  is   ioqo  cubic  feet  per 

tetivnd,     Lti  the  stream  be   150  feet  wide  aad  6,5  feel 

<Jeep  at  ihc  place  wliere  the  head  is  measured,  the:i  ivom 

(C2)  the  head  causing  the  velocity  of  approach  is  0,0a 

fecL,  and  frum  (tiS)j  the  discharge  is  11 10  cubic  feet  per 

id.  which  is  to  be  rcgiirded  as  liable  to  a,  ]iro>^able 

of  five  percent- 

Prab.  68-  Find  the  length   of  a  waste  weir  which  will  be 
|e  to  discharge  a  rainfall  of  one  inch  per  hour  on  a  drainagtr 
"sma  of  j.&5  square  mlf!a,  the  htfiid  on  the  cre^t  of    the  weir 
being  a.ia  leet.     Al&u  when  ihe  head  is  4-34  fe^t. 


Aht.  69,     The  Suhpach  Curvk 


H  The  surface  of  the  water  abo\'e  a  weir  or  dam  assumes 
^n  curve  whose  equation  is  a  complex  one^  but  some  of 
^Bhe  laws  that  go\'em  the  drop  in  the  plane  of  the  crest 
^nnav  bo  deduced.  Let  tf  be  the  head  on  the  level  of  the 
Bcrest  measured  in  perfectly  level  water  at  some  distance 
baick  of  the  weir*  and  let  d  be  the 
lepressjon  or  drop  of  the  curve  lic^ 
jw  Ibis  level  in  the  plane  of  the 
*neir  (Fig,  69),  Then  the  dis4.-harge  per 
*on(l  ij  can  be  expressed  in  terms 
W  i/  and  d  by  formula  (51)4.  plachig 
H    for   iij    and   d   for   h^.  and    makijig 


¥i<i.  m 


A,  =o-     This  formula  becomes,  after  replacing  JV^  by  u. 


id  Q  by  q. 


q~M.b{f^^-d^) 


lis  exprcssicjii,  it  may  be  remarked,  is  the  true  we:f 
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formula,  and  only  the  practical  difficulties  of  measuring 
H  and  d  prevent  its  use.     This  may  be  written 

from  which  the  drop  d  in  the  plane  of  crest  of  the  weir 
can  be  found.  Let  B  be  the  breadth  of  the  feeding  canal, 
G  its  depth  be]ow  the  crest,  and  v  the  mean  velocity  of 
approach  i  then  also 

q~B{G^-H)v 

and  inserting  this  in  the  expression  for  S  it  becomes 

d^~lfl-^^(G+H)v  (69) 

which  is  an  expression  for  the  drop  of  the  curve  in  terms 
of  the  dimensions  of  the  weir,  the  total  head,  and  the  ve- 
locity of  approach. 

The  approximate  value  of  the  coefficient  m  is  about 
^.^  for  English  measures,  but  precise  values  of  d  cannot 
be  computed  unless  m  and  H  are  known  with  accuracy. 
The  formula,  however,  serves  to  exemplify  the  laws  which 
govern  the  drop  of  the  curve  in  the  plane  of  the  weir. 
It  shows  that  the  drop  increases  with  the  head  on  the 
crest  and  with  the  length  of  a  contracted  weir,  that  it  de- 
creases with  the  breadth  and  depth  of  the  feeding  canal, 
and  that  it  decreases  with  the  velocity  of  approach.  It 
also  shows  for  suppressed  weirs,  where  B  =  b,  that  the 
drop  is  independent  of  the  length  of  the  weir.  Ail  of 
these  laws  except  the  last  have  been  previously  deduced 
by  the  discussion  of  experiments. 

The  path  of  the  stream  after  lea^'ing  the  weir  is  closely — 

that  of  a  parabola.     In  the  plane  of  the  crest  the  meai^fc 

velocity  is 

V^q/b{H-d) 

and  the  direction  of  this  may  be  taken  as  approximate!  "^v^ 
horizontal.  The  range  of  a  stream  on  a  horizontal  p]ar».o 
at  the  distance  y  below  the  middle  of  the  weir  notch     ^s 
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Ihen  readily  found.  For.  if  i  be  this  range  which  is 
reached  in  llie  time  t,  then  X-Vt.  and  also  j-j^i',  whence, 
by  the  elimination  of  ^  there  results  gx*  =  3V^\  and 
accordingly  the  horizontal  rango  at  the  depth  y  is 

H^-d^   (^ 
X — M-77 — rV 

in  which  d  is  given  hy  (59).  For  cxamp-e,  take  a  case 
■where  /f  =  3  feet.C^aj  feet,  and  iJ  =  o,5  ft!ct  per  second. 
From  (09)  the  value  of  d  is  found  to  be  1.17  feet.  Now, 
if  y  =  $o  feet,  the  last  furmula  gives  x  =  6.i  feel,  which 
is  the  distance  of  the  middle  of  the  streain  from  the  vcr- 
^cal  plane  through  the  crest  at  50  feci  below  that  ci^t. 

P  Prob.  09,  In  the  abovo  example  what  velocity  of  approach 
is  necessary  in  order  thai  there  may  be  no  drop  in  the  plane 
if  the  creai.     What  is  the  range  for  this  case? 


Fig.  7Q 


Art,  70.     Trian-gular  Weirs 

Triangular  weirs  are  sometimes  used  for  the  measure- 
ment  of  water,  the  arrangemt'nt  being  as  shown  in  Fig. 
^0-  l^t  &  be  the  width  --"f 
the  orifice  at  the  wat^r  Icvt.!, 
an<l  Ji  the  head  of  water  on 
the  vertex.  Let  an  elemen- 
tary strip  of  the  depth  3y 
be  drawn  at  a  distance  y 
below  the  water  levcL  Prom  similar  triangles  the  length 
of  this  strip  is  {H—y)b/H  and  the  elementary  discharge 
through  it  then  is 

I  dQ-^{H'y)dy\^=jj\/^{Hy^-yh9y 

The  integration  of  this  between  the  limits  H  and  o  gi\'es 
the  theoretic  discharge  through  the  triangular  weu",  namely, 

Q^^bVTiH^  (70), 
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If  the  sides  of  the  triangle  are  equally  inclined  to  the 
vertical,  as  should  be  the  case  in  practice,  antl  if  litis 
angle  be  a,  the  surface  width  b  may  be  expresses!  in  terms 
of  <i  and  H,  so  that  the  last  formula  becomes 


0-Atan<t.v'ii.H' 


(TO), 


The  diachai^  is  thus  equal  to  a  constaiit  multiplied  by 
the  ;)  power  of  the  measured  depth. 

Triangular  weirs  are  used  hut  little,  as  in  general  they 
are  only  conveniefit  when  the  quantity  of  water  to  be 
nieasur&l  is  smaU.  Such  a  weir  inust  have  sharp  inner 
comers,  so  that  the  stream  may  be  Mfy  contracted,  and 
the  sides  !ihould  has'e  equal  slopes.  The  angls  at  the 
k'^A-rr  vertex  should  be  a  right  angle.  aS  this  is  the  only 
case  for  which  coefficients  are  known  with  precision. 
The  tlepth  of -water  above  this  lower  vertex  is  to  be  measurect 
by  a  hook  gage  in  the  usual  manner  at  a  point  several 
Icot  up-stream  from  the  notch.  Making  the  angle  at 
the  vertex  a  right  angle,  and  applying  a  coefficienf^  the 
actual  discharge  per  second  is  given  by  the  expression 

In  which  H  i£  the  head  of  water  above  the  vertex.  Ex- 
|»cHn»cnls  made  by  Thomson  *  indicate  that  the  coeflicient 
f  varies  less  with  tbe  head  than  for  ordinary  weirs;  this, 
la  fact,  was  iuitkii^tc^i,  since  the  sections  of  the  stream 
Are  aimilar  in  a  tHiinj.'uiir  notch  for  all  values  of  H.  and 
hvnco  Ihc  itiflucm^  of  the  contractions  in  diminishing 
tho  dia.'h»rKt*  sh^uUl  be  approximately  the  same.  As 
the  result  d  hi*  rxyvrimcnts  the  mean  vnlue  of  c  for  heads 
belwivn  <t.»  mid  o.S  feet  maj-  be  taken  as  o.$t^s.  and  hence 
\\\v  ii^mu  diMl^Ar^  m  cubtc!  feet  per  second  throu^  a 
Ti|lhl^it);lcd  triatiffukr  weir  may  be  written 
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in  which,  as  ivoal,  H  mo&t  be  expressed  in  feet^  About 
4  feet  ts  "probaMr  the  grcatest  pracncable  ^Tilite  for  H, 
ftiui  Uus  giT^  A  dschar^  of  cah'  Si,o  cubic  feet  per 
second-  -  If  vdodty  of  apfvoach  exists,  H  m  thc^  formula 
sbotild  be  repbced  hf  /f-M.^Jr,  as  for  nxum^ular  wdn 
.frith  end  cootractkiD& 

^H  Prbb.  70.  A  uiangQlar  onfice  tn  the  £i<le  of  a  vessel  hAs  ■ 
^Biorisofit«l  iMoe  b  mfid  m  almude  J,  the  ht^  of  waur  on  the 
^Pba&e  tfecog  fc  and  that  on  tbe_vcrte;(  being  h-h^d.  Show  thAt  the 
L  ibenretic  dischu^  u  Av  Jf(ii/J)l4(;i  + J)»-(4Ji  +  ioJ>A<j. 

P    ■ 


Art,  71-     Trapezoidal  Weirs 


TrapeioidaJ  vreii^  are  sornetimes  tised  instead  of  rect- 
angular ones,  as  the  coefficients  vary  less  in  valtie.  The 
theuretic  discharge  Lhrtrngh  a  trapezoidal  weir  which  has 
the  length  b  on  the  crest,  the 
head  a,  and  the  length  6  +  ^2 
on  the  wjiter  surface,  as  seen 
in  F^g-  Tin  is  the  stun  of  the 
discharges  through  a  rect- 
angle of  area  bH  and  a 
triangle  of  area  xH.  Taking  the  fonrer  from  (61)i  and 
iJic  latter  from  (70),,  and  replacing  Ian  a  by  t/H 

the  theoretic  discharge.  Here  c///,  which  is  the  slope 
of  the  ends,  may  be  any  convenient  number,  and  it  is 
usually  taken  as  J,  as  first  recommended  by  Cippoletti.* 

The  reasoning  from  which  this  conclusion  was  derived 

based  upon  Firintis"  rule  that  the  two  end  contractions 

in  a  standard   rectangular  weir    diminish    the   djsch^irge 

by   a   mean  amount   .1^3X0-*/^'   (Art.  65).  or  in   general 

\'\yy  th«  aniotint  c.  jv'a^Xo.a//^     If  the  sides  be  sloped, 

■  Cippi'l'tti'^'ix^^  VflloiTs',  I6S7:  9K  Engineering  kccord,  A u^.  13,  1B92, 
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hciwever.  the  discharge  through  the  two  end  triangles 
c.-fiV^gXcH^.      If.   now,    the   slope   is  just   sufficient 
that  tliu  extra  discharge  balances  tlie  eifTect  of  the  ei 
contractions,   these   two   quantities   are   equal,     Equati 
tlicn^  and  supposing  that  c  has  the  same  value  in  eacr 
there  rt^sults  ^  =  i//,     Heace  for  such  a  trapezoidaJ   w^ 
tho  (hstharge  should  be  the  same  as  that  from  a  su' 
prtwcd   Tectan,t^lar  weir   of  length   b,   or,    according  U^^ 
VnmHu.  ^"3.33W/*H     Cippoletti,  however,  concluded  fTOm 
]\in  rx]terinients   that   the   coefficient  should   be  increased 
(iLkjuI  one  percent,  and  he  recommended 

5  =  3-367^^' 

AN  the  formula  for  discharge  over  such  a  trapezoidal  weir 
wlirn  no  velocity  of  approach  exists. 

Kxperiments  by  Flinn  and  Dyer*  indicate  that  the 
Cf^t'lViLncnt  3.^<>7  i^  probably  a  little  too  lai^e.  In  33 
Wa\.s  with  trapezoidal  weirs  of  from  3  to  g  feet  length 
im  the  crest  and  under  heads  ranging  from  o.a  to  1,4  feel, 
thrv  fnmid  j3  to  give  discharges  less  than  the  formula, 
lilt  inTi'i-ntuge  of  error  being  over  3  percent  in  eight  cases- 
Tht'  fnur  cases  in  whicli  the  discharge  was  greater  than 
that  gi^'cn  by  the  formula  show  a  mean  excess  of  about 
jS  ptirccnt.  The  mean  deficiency  in  all  the  33  cases  was 
lliTJirly  1  percent.  These  exi^eriments  are  not  verj'  precise, 
shi^iu  tlir  uctual  discharge  was  computed  by  ineasure- 
niUuU  i»n  i\  rectangular  weir,  so  that  the  results  are  ncces- 
Ulirily  ulItK-ilitl  by  the  errors  of  two  sets  of  measurements. 
Ct]iiHi|((iri'»  formula,  given  above,  may  hent^e  be  allowed 
Vj  slwid  AS  a  fair  one  for  general  use  with  trapezoidal 
Weiru  ill  which  the  slope  of  the  ends  is  i.  It  caji,  of  course, 
bo  wiitlvn  In  the  form 

Wherv   Ihii  cciclBcicnt   c  has  the  mean  value  0,629,   whiJo 
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Table  2h  may  be  used  to  obtain  more  reliable  values  for 

^dal  cases- 

If  velocity  of  approach  existSi  11  in  this  fummla  is  to 

h  replaced  by  H-\-  1.4A  where  h  is  the  head  due  to  that 

vplociLj'.  In  order  to  do  good  work,  however,  h  should 
TOt  eicecd  0,004  feet.  Other  precautions  to  he  observed 
iireihal  the  cross-seetior  of  the  catial  should  be  at  least 
Mven  limes  that  of  the  water  in  the  plane  of  the  crest, 
And  that  the  error  iii  the  measured  head  should  not  be 
grealer  than  one-third  of  iinc  percent.  On  the  whole, 
hf>W€ver,  the  coefficients  for  the  standard  rectangular 
weir  with  end  contrEictions  are  so  definitely  established, 
aad  those  for  trapezoidal  weirs  so  imperfectly  known, 
that  the  use  of  the  latter  cannot  be  recommended  in  any 
case  where  the  greatest  degree  of  precision  is  required. 

The  above   formula   for   the    theoretic   discharge   may 
be  applied  lo  the  Cippoletti  trapezoidal  weir  by  putting 

Ir^lif,  and  introducing  a  coellkieut;  thus, 
is  a  formula  for  the  actual  discharge,  in  which  the  values 
<?f  c  are  probably  not  far  from  thnse  given  in  Table  23 
for  rectangular  contracted  weirs.  Here  the  term  o.iH/b 
■  shows  the  effect  of  the  two  end  triangles  in  increasing 
nhe  discharge. 

W  Prob.  71.  For  a  head  of  o^ftfij  feet  on  a  Cippoletti  weir  of 
4  feet  length  the  actua,!  discharge  in  490  seconds  was  3ij[>-3 
cabk  feel.  Compute  the  discharge  by  the  formula  and  find 
tia  perceoiage   of  error. 


p 


Art,  72.     Computations  in  the  Metric  System 

The  formulas  for  discharge  in  Arts.  51.-04  are  rational 
and  miiy  be  used  in  all  systems,  the  coefficients  c  being 
abstract  numbers.  In  the  metric  system  b  and  H  are 
ofttfn  expressed  in  centimeters  but  they  should  be  reduced 
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toe  loe  in  the  formulas,  and  then  q  will  be  in 
i  -itrs   per   second.     The   mean    value   of    v'lg    i^ 

,  oDil  efcac  of  i/sg  is  0.05101. 

,\lt.  62)     Tbe  head  h  in  meters  corresponding  to  the 
uieuu   vetocity  of  approach  is   to  be  computed  from  the 

ib  vibkH  .4  is  in  square  meters.  For  example,  take  a. 
uvuir  where  B-soo.  (7  =  90,  6=45,1,  //  =  a&^jS  centimeters. 
JUid  f-*c,6*o.  Then  by  (63),  the  disch^irgc  q'  is  o,ina 
Q«ib»c  metrrs  per  second,  and  from  (72>^  the  head  h  is 
^oooa  meters. 

<.\rl,  631  Table  24  gives  \'filues  of  the  coefficient  r 
ftiT  wviTS  with  end  tonLracliciiis,  with  arguments  in  the 
Utt-lfK  system.  Thus,  if  H  =  ^.^$  centimeters  end  b  =  o.^$ 
IfiM^rs,  there  is  found,  b}'  interpolation,  c  =  o.63o,  which 
\^  bobie  lo  a  probable  error  of  about  two  units  in  the  third 
ikNWttU  place, 

(Art.  W)  Coefficients  for  weirs  without  end  contrac- 
liC4i3L,.  with  metric  arguments,  are  given  in  Tnble  26, 
\yhk,'h  hivi  It-en  prepared  by  the  help  of  Table  25, 

^\iK.  05)  When  b  and  /f  are  in  meters  and  q  in  cubic 
t^lvTv  \kT  second,  Francis'  formula  for  suppressed  weirs 
^TtiD4  \^K  form 

5  =  1.84^//*  (72), 


I 


kt  if^T  wcim  with  end  conlmctions, 
^y  HUin^ff  1.84  being  a  mean  value  of  c.§.\/ag, 


(72). 


lUl)  TaMe  27  applies  to  any  system  of  measures, 
lunmilii  'j-i.^Ai^luli}^  then  gives  the  discharge 
iiii.'lrr»  ptT  second,  if  b  and  H  be  in  meters.  The 
LJik^H  of  m  fcir  use  in  (66)  are  found  by  multiplying 


^m  m  thu  lE'xt  by  0.55?^. 
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(Art.  68)     The    formulas    of   the   first    paragraph    are 
transformed   into   metric   measures   by   replacing   3.33   by 
1,84  and  3,01   by  1.73,     For  formula  (68),  the  value  of 
M  for   dams,  may  range  from  about  1,4  to  2.3.     Table  30 
'   gives  metric  values  of  m  as  deduced  from  the  experiments 
made   by   Bazin   in    1S97,   and  by   Rafter   in    1S98.      The 
explanation  of  this  table  is  in  all  respects  Hke  that  of 
Table  29-      All  values  of  m  given  in  Art.  68   may  be  re- 
duced  to  metric  measures  by  multiplying  by  0.5522,  this 
'    being  the  ratio  of  the  value  of  Vj^  expressed  in  meters 
to  that  expressed  in  feet. 

(Art.  70)     The  metric  formula  for   discharge  over  the 
triangular  weir  is  ^  =  1.40H*. 

(Art.  71)     The   metric   formula  for  Cippoletti's   trape- 
zoidal weir  takes  the  form  ^  — i,866H', 

Prob.  72a.  Compute  the  head  that  produces  a  velocity  of 
approach  of  50.5  centimeters  per  second. 

Prob.  72b.  What  are  the  discharges,  in  liters  per  minute, 
over  a  suppressed  weir  a-3S  meters  long  when  the  heads  on  the 
^resl  are  ia.3,  12.4,  and  13,5  centimeters  f 

Prob.  72c.  Compute  the  discharge  over  a  submerged  weir 
^hen  iF  =  a.35.  //  =  0.133,  ^^'^  ^'  =  0.027  nieters- 

Prob.  72ti.  Compute  the  discharge  over  a  dam,  like  Fig. 
6Si»  ^  when  the  side  slopes  are  i  on  3,  the  length  of  the  crest 
^-a  5  meters,  and  the  head  on  the  crest  1,07  meters. 
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to  meters  for  use  in  the  formuliis,  and  then  q  will  be  in 
cubic  meters  per  second.  Tlie  mean  value  of  Vag  is^ 
4.427  and  tlmt  of  i/jg  is  0-05103. 

CArt.  62]  The  head  h  in  meters  corresponding  to  the 
mean  velocity  of  approach  is  to  be  computed  from  the 
formula 

h~o,osto7iq/Ay  (72), 

in  which  -4  is  in  square  meters.  For  example,  take  a 
weir  where  ^-^00,  G' -  ijo,  &-45.1,  H  =  26,28  centimeters, 
antl  c  =  o.62o.  Then  by  (63),  the  disclxarge  5'  is  o.iiij 
cubic  meters  per  second,  and  from  (72j,  the  hend  h  is 
0.0002  meters, 

(Art,  03)  Table  24  g^ves  valiies  of  the  coefficient  c 
for  weirs  with  end  can  tractions,  with  arguments  in  the- 
metric  system,  Tlius.  if  //  =  5.45  centimeters  and  fc=o.45 
meter&H  there  is  found,  by  interpolation,  c  — o-6ao,  which 
is  liable  to  a  probable  error  of  about  two  units  in  the  third 
decimal  plate. 

(Art.  64)  Coefficients  for  ^'eirs  without  end  contrac- 
tions,  with  metric  arguments,  are  given  in  Table  25, 
which  lias  been  prepared  by  the  Jielp  of  Table  25. 

(Art,  <J5)  When  b  and  H  are  in  meters  and  q  in  cubic 
meters  per  second,  Francis'  formula  for  suppressed  weirs 
takes  the  form 

g-f.S4^W*  (72)» 

and  for  weirs  witli  end  contractions, 

q  =  i.S^ib-o.2H)H^  (72), 

the  number  1.84  being  a  mean  value  of  ^.J,  V^, 

f  Art,  66)  Table  27  applies  to  any  system  of  measiires, 
and  the  formula  q  =  i.&4h{nll)^  then  gives  the  discharge 
in  cubic  meters  per  second,  if  b  and  H  be  in  meters,  TJte 
metric  values  of  m  for  use  in  (66)  are  found  by  multiplying 
those  in  the  text  by  0.5522, 


$ 


(Art,  68)  The  rormialas  of  the  first  parfigraph  arc 
tnnsfDrmeJ  into  metric  measures  by  replacing  3.33  by 
1.84  and  3.01  by  1.7a,  For  formul:i  l.&S)i  the  value  of 
u  f[ir  llama,  may  range  from  abnut  1.4  to  2-3-  Table  30 
gives  metric  values  of  m  as  deduced  from  the  exp<jriments 
ntade  by  Bin^ir)  in  i8ij;.  tind  by  Rafter  in  i8y8.  The 
explanaiion  nf  Ibis  table  is  in  all  respects  like  that  of 
Table  2y,  AH  values  of  m  given  in  Art,  68  may  be  re- 
duced to  metric  measures  by  multiplyin>j  by  0.552?,  this 
being  the  ratio  of  the  value  of  Vig  expressed  in  meters 
to  that  expressed  in  feet. 

L\n  70]  The  metrie  formula  for  discharge  over  the 
tnangulaj  weir  is  q  =  1.40/i'. 

(Art,  71)  The  metric  fonnula  for  Cippolelti's  trape- 
mtkl  weir  takes  the  form  g-*i.86i)H*- 

ProK72iJ.  Compute  the  head  that  produces  a  velocity  of 
approach  of  50.5  centimeters  per  second. 

PraL.  721^.  What  are  the  discbarEes,  in  liters  per  minute, 
over  a  suppressed  weir  3,35  meters  long  when  the  heads  on  the 
4a^t  are  12,3,  12,4,  and   12.5  centimeters? 

Prah-  12c.  Compute  the  discharge  over  a  submerged  weir 
when  6  =  2.35.  W  =  o,i3jj  and  W  =  0.027  meters. 

Prob.  72i^.  Compute  the  discharge  over  a  dam,  like  Fig. 
6SA,  when  the  side  slopes  are  i  on  2.  tlie  length  of  the  crest 
4.J3  meters,  and  the  head  un  the  trest  1-07  meters. 
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CHAPTER  VTI 
FLOW  OF  WATER   THROUGH  TUBES 

Art,  73-     Loss  op  Ekfhgt  or  Head 

A  tube  is  ji  short  iripc  which  may  be  attached  to  an 
orifice  or  be  iised  £or  connecting  two  vessels.  The  most 
common  Eonn  is  a  cylinder  of  uniform  cross- sect  ion,  but 
conical  forms  are  also  used  and  ir  some  cases  a  lube  is 
made  of  cylinders  witli  different  diameters.  Tlie  laws 
of  flow  thrtmgh  tubes  are  imporUmt  as  a  starting  point 
for  the  theory  of  flow  through  pipes,  for  the  discharge 
froni  nosKles,  ^md  for  the  discussion  of  many  practical 
hydraulic  problems.  The  theorem  of  Art.  32,  that  pressure- 
head  plus  velocity-head  is  a  constant  for  a  given  section 
ol  a  tube,  is  only  true  when  there  are  no  losses  due  to  fric- 
tion and  impact.  As  a  matter  of  fact  such  losses  always 
exist  and  must  be  regarded  in  practical  computations. 

Energy  in  a  lube  filled  with  moving  water  exists  tn 
two  forms,  in  potential  energy  of  pressure  and  in  kinetic 
energy  of  motion.      Thus  in  the  horizontal  tube  of  Fig. 

73a  let  two  pioiometers  (Art. 
37)  be  inserted  at  the  sections 
Gj  and  a,  where  the  velocities 
are  i\  and  i?,  and  it  is  found 
that  the  water  rises  to  the 
heights  Jjj  and  Ji,  above  the 
middle  of  the  tube.  Let  W 
be  the  weight  of  water  that 
^'^'  ^^  passes  each  section  per  second. 

Then  in  the  flrst  section  the  pressure  energy  is  IVh^  and 
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kinetic  energy  is  W  ,v^^/2gt  so  that  the  latal  energy 
)f  the  water  pasang  that  section  in  one  second  is 

In  the  same  maoner  the  total  energy  of  the  water  passing 
the  second  section  tr  one  second  is 

hut  this  is  leas  than  the  former  because  some  energy  has 
been  expended  in  frictii^m  and  impact.  Let  Wit'  be  the 
amoant  of  energy  thus  ]o^t\  then  equating  this  U.'  the 
difference  of  the  energies  in  the  two  sections,  the  W 
caj^cel^  out  and 

A'-A.-/h  +  |'-^"  (73). 

Th&  quantity  ft'  is  called  the  lost  head,  and  Ihe  equation 
sbmvs  that  it  equals  the  difference  of  the  pressure-heads 
plus  the  difference  of  the  velocity-heads. 

In  hydraulics  the  terms  energy  and  head  are  often 
used  as  equivalent,  although  really  energy  is  proportional 
to  head.  In  the  gener^il  case,  the  lost  head  is  not  a  loss 
of  pressure-head  only,  but  a  loss  of  both  pressure-head  and 
vdocity-iiead,  Wlien,  Iiowever,  the  two  sections  are  of 
«5Li^[  area,  the  velocities  v^  and  v,  are  cq-ua],  since  the  same 
qimntily  of  water  passes  each  section  in  one  second ; 
^^  tljc  lost  head  h'  is  h^  -  h,  or  the  loss  occurs  in  pressure- 
i»^  '-m]y\  Here  the  loss  is  mainly  due  to  the  roughness 
'^  the  interior  surface  of  the  tube  or  pipe.  It  should  !:«! 
"Oted  that  it  is  only  necessary  to  measure  the  difference 
^i-hj  and  this  can  be  done  by  the  methods  of  Art.  37. 

Formula  (73ji  is  applicable  to  all  horizontal  tubes 
And  pipeSk  and  with  a  sh^hl  mod ifica lion  it  is  alsir  ap- 
p&cabte  to  inclined  ones,  as  will  be  shown  in  Art,  82_ 
Ic  also  applies  to  a  flow  from  a  standard  orifice,  or  to 
tfte  flow  from  an  orifice  to  which  a  tube  is  attached^     Thus 
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for  the  large  vessel  of  Fig.  73b  Jet  the  sections  be  taken 
through  the  vessel  and  through  the  stream  as  il  leaves 
the  tube,  Tlien  h^=h,  aad  since  there  i&  do  pressure 
outsiclc  the  tube  iij  — o;  also  ?',  —  o  and  v^=v\  then 
W  =h-v^/2g.  For  the  case  In  Fig.  73c,  where  the  stream 
approaches  with  the  velocity  t/„  the  formula  becomes 
ft'— A,  +  (wj'— r')/;^.  In  both  cases,  ^  h*  be  made  zero. 
these  equations  reduce  to  those  established  in  the  chapter 


on  theoretical  hydraulics,  where  losses  of  energy  were  not 
considered;  thus  for  the  second  case  the  theoretic  efTective 
head  h  is  equal  to  A,+v//ag. 

In  order  to  use  (73)i  for  numerical  computations 
three  quantities  must  be  known,  the  difference  'r,  — /i„ 
and  the  velcx^ities  v^  and  ti,.  As  a  direct  measurement 
of  the  velocities  is  usually  impracticable,  these  are  generally 
computed  from  tlie  measured  discharfie  q  and  the  areas 
a,  and  a^  of  the  cross- sections :  th"s  t',  =^/n,  and  v.=< 
q/a^.  For  example,  let  the  cross-section  be  circular, 
having  diameters  of  i8  and  6  irchos,  and  let  the  discharge 
be  4-^  cubic  feet  per  second;  then  from  Table  51  the 
^^'eas  are  1.767  and  Osigfi  square  feet,  and  the  velocities 
a. 66  and  23.94  feet  per  second.  If  the  difference 
the  pressure-heads  Is  8.85  feet  the  lost  head  is 

^'-8.85+0.01555(3,66^- j3,(m')  =0-05  feet 

TTie  general  formula  (73),  may  be  expr+?s3ed  in  tenns  of 
the  areas  of  tlie  sections  and  one  of  the  velocities-  Since 
a^^-a^tf  ^t  may  be  written 


ft'-i^-A,+    1--^. 
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A'-A.''h  +  (^-i)5'  (73), 


■which    are   often  more   convenient   forms   for   numerical 
computations. 

Pr<>b.  73a,  When  no  energy  is  lost  between  the  sections 
■how  thai  the  velocity  v^  is  Va^c/j,  — Aj)  +  i/- 

Fn>b.  73^1.  In  Fig.  73<]  let  the  areas  (J|  and  a^  be  i,o  and  0,5 
fiiquare  feel,  !ii'-h^  =  o.b^7  feet,  and  1^^  =  3.5  feet  per  second- 
Show  that  the  lost  head  is  o.utt  icel. 


I 


Art.  74.     Loss  Dub  to  Expansiom  op  Section 


l^hen  a  tube  or  pipe  is  filled  with  flowing  water  a 
loss  of  head  is  found  to  occur  when  the  section  is  en- 
larged so  that  the  velocity  is  diminished.  This  case  is 
shown  in  Fig,  74iJ,  wliere  i\  imd  t',  are  tlie  velocities  in  the 
smaller  and  larger  sections  and 
A,  and  h^  the  corresponding 
prgs^ure-heads.  The  interior 
surface  may  be  very  smooth, 
CO  that  friction  has  but  little 
influence,  and  yet  tbere  wdl 
usually  be  more  or  less  loss 
due  to  the  fact  thut  the  ve- 
locity I'l   is    changeii    to    the 

Her  value  f,.    Formula  (73)^  ^°'  7^fl 

here  directly  it|jpIicaMe  and  ^ves  the  loss  of  head. 
It  13  seen  that  h,—hj  must  be  negative  for  this  case  and 
that  its  numerical  value  will  be  less  than  that  of  the 
lifference  nf  the  velocity-heads.  The  general  formula 
|3>,  gives  the  loss  of  liead  due  not  only  to  expansion 
soclionn  but  to  all  resistances  between  any  two  sections 
a  horizontal  tube  or  pipe- 
When"  there  is  a  sudden  enlargement  of  section^  as 
Pig,  746,  energy  is  lost  in  impact.     In  the  section  AB 
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the  pressure-head  is  h^and  the  velocity-head  ist\^/2£.  while 
in  the  section  CD  the  pressure -head  has  tlie  larger  value  fe, 

and  the  velocity-head  has  the 
snialler  value  i'a'/ag.  At  the 
section  MN,  near  the  place  of 
sudden  expansion,  the  pressure- 
head  is  also  ht.  since  the  velocity 
Vj  is  maintaiEed  fcr  a  short 
distance  after  Iea\Tng  the  small 
section,  its  dtrectioMj  however, 
beifig  changed  so  as  lo  fonn 
"whirlE  and  foam-  la  this  region 
the  impact  occurs,  the  velocity 
v^  being  finally  decreased  to  i\.  Let  a,  be  the  area  of  the 
sections  MN  and  CD,  and  u.'  the  weight  of  a  cubic  uait  of 
water.  Then  by  (15)  the  hydrostatic  pressure  nomial  to 
the  section  CD  is  ivaji^.  and  that  normal  to  the  section 
MX  is  -jjQJt^.  The  diiTerencti  of  these  pressures  b  the  force 
which  causes  the  velocity  u^  to  decrease  to  t/,,  and  by  Art, 
this  force  is  equal  to  TV{tj,— ii,)/^,  where  W  is  the  weight 
'lif  water  pas^g  the  section  CD  in  one  second.     Hence 


Fig.  7Ab 


wajtf—  ttOjAj  —  W 


S 


(74)r 


and,  »nce  W  equals  wn^v^,  this  equation  becomes 

'  S 

Inserting  this  value  of  h^  —  h^  in  (73),,  it  reduces  to 

which  is  the  loss  of  head  due  to  sudden  expansion  of  sec- 
tion, or  rather  due  to  the  sudden  diminution  of  velocity 
caused  by  that  expansion. 

If  the   expansion  of  section    be  made  gradually  and 
with  smooth  curves,  the  velocity  ?\  will   decrease  -without 


All.» 
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rland  foan.  so  that  no  loss  in  impact  occurs.  In  this 
CMC  the  kinetic  energy  w.v^^/ig  is  dianged  into  pressure 
enei^,  b£  the  velocity  v^  ficcruaacs  to  \\.  There  is,  how- 
ever, no  distinct  line  of  demarbation  bctwoen  sudden  and 
graduii]  expansion,  bo  that  in  many  practical  cases  it 
15  Tiecessary  to  make  measurements  of  the  liischarge  and 
of  th(^  head  hj  —  hy  in  order  to  compute  the  lost  head  h' 
£rom  (73)^,  which  is  a  formula  applicable  to  all  cases. 

Sudden  enlargement  of  section  should  always  be 
avoided  m  tuties  and  pipes  owing  to  the  loss  of  head  that 
rt  caTises,  which  may  often  be  very  great.  For  example, 
l*t  there  be  no  pressure-head  in.  the_section  is,  antl  let 
x\  \k  line  to  a  head  h  so  that  v^=-\/2gh\  let  the  area  u, 
be  four  tunes  that  of  u^  so  that  v^  is  one-fourth  of  Vy  The 
Joss  of  head  due  to  the  sudden  expansion  then  is 

tat  more  than  one-half  of  the  energy  of  the  water 
01  15  lost  in  impact,  having  been  changed  into  heat, 
the  section  a,  the  effective  head  is  I'o^,  of  which  ^h 

I  velocity -head  and  -^h  is  pressure-head. 
Formula  (71),  may  be  expressed  in  terms  of  the  areas 
the  sections  and  ore  of  the  velocities,  since  a^v^^='a^^ 
£  value  of  h'  takes  the  two  forms 
I       -(-S)"S=fe-)'S      ™- 

and  tbese  show  that  no  loss  of  head  occurs  when  a^  =  a^. 

Prob.  74a.  What  part  of  the  energy  of  the  water  is  lost 
Wben  ^    is  ten  times  a,? 

pr<>l»-  7^^'  1"  **  bfriiootal  tube  like  Fig.  74ci  the  diamt-tera 
^g^  5  inches  »nd  i2  inches,  and  the  heights  of  the  pressure- 
^Bimns  or  piezometers  arc  ta,i6  feet  ond  ia,<)&  feet  above 
xR^s&xnc  hcnch'iTiQrk.  Find  the  loss  of  head  between  the  two 
■t^tionfi  wheji  the  discharge  is  1.57  euLic  feet  per  second,  and 
^]go  tvbc^  ^L  ^  4<7^  cubic  feet  per  second. 
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Art.  75-     Loss  Due  to  Contraction  of  Section 

When  a  sudden  contraction  of  section  in  the  direction) 
of  t]je  fiow  occurs,  as  iri  Fig.  75,  the  water  suffers  a  con- 
traction similar  to  that  in  the  standard  orifice,  and  lienj 
in   its  expansion   to   fill    the    set-oni 
section  a  loss  of  head  results.      Lei 
fi    be    the    velocity    in    the    larg'erl 
section   and   v   that   in   the   amalW,! 
while  v'  is  the  velocity  in   the  con-] 
tracted  section  of  the  flowing  stre^im, 
and  ]et  a^,  a,  ard  a'  be  the 
sponding  areas  of  the  cross-sections. 
From    the    formula    {74}  j    the    loss 
of  'head    due   to    the    espansion    o£ 


Pig,  7fi 
section  from  a'  to  a  is 


in  which  c'  is  the  coefficient  of  contraction  o£  the  streajnl 
or  the  ratio  of  a'  to  a  (Art.  44), 

The  value  of  c'  depends  upon  the  ratio  between  th( 
areas  a  and  a,.  When  a  is  small  compared  with  ct^.  the| 
value  of  c*  may  be  taken  at  0.62  as  for  orifices  (Art-  44J- 
When  41  is  equal  to  d,  ther^  is  no  contraction  or  expansion 
of  the  stream  and  c'  is  unity.  Let  d  and  d^  be  the  diam-] 
eters  corresponding  to  the  areas  a  and  tJi,  and  let  r  be 
the  ratio  of  d  to  d^.  Ti^en  experiments  seem  to  indicate, 
that  an  expression  of  the  form 

^  =  „  +  -!5_ 
1.1 -r 

gives  the  law  of  variation  of  c'  with  r.     Placing  c'  =o.6a 

and  r  — o  gives  one  equation  between  m  and  k;    placing 

(T*  =  TOO  and  r  — i  gives  another  equation;  and  the  solution 

of  these  fiimisJies  the  rallies  of  "/  and  n.     Thus  is  found 


0.0J18 

c'-o.sSa-j' — - — 

■*  i-i— r 


(75). 
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from  which  appnaximate  \^lues  of  c'  can  be  computed; 

for         r=o.o      0.4      0.6      0.7      o.S      o,g      0.^5     i.o 
c' ^0.62    O-64    0,67    o,6q    0,73    o.jQ    O.S6     1,00 

-and    from  these  jntenrcdiate  values  may  often  be  taken 
wthiJiit  the  necessity  of  using  the  formula. 

Fur  a  case  of  gradual  contraction  t.jf  section,  such  n& 
fihovvn  in  Fig.  T^n.  the  loss  of  head  is  less  th-in  that  given 
bv  formuJa  (74)j,  and  it  can  only  be  determined  from 
three  measured  quantities  by  the  help  of  the  general 
formulas  of  Art.  73.  If  the  change  of  section  he  made 
so  that  the  stream  has  no  subsequent  enlargement,  loss 
of  bead  is  avoided,  for,  as  the  above  discussions  sliow, 
it  is  the  It>ss  in  velocity  due  to  sudden  expansion  which 
causes  the  loss  of  head. 

The  li.iss  due  U?  sudden  contraction  of  a  tube  or  pipe 
is  often  much  smaller  than  that  due  to  sudden  e:tpansion. 
Pot  instance,  if  tlie  diameter  of  the  large  section  be  three 
tin>es  that  of  the  smaller,  and  the  velocity  in  the  large 
section  be  a  feet  per  second,  the  loss  of  head  when  the 
^w  passes  from  tlie  small  to  the  large  section  is  by  Art.  74 

A'  — 0.01555(18— 3)'  =  4.o  feet 

But  if  the  flow  occurs  in  the  opposite  direction  the  ratio  r 
is  j,  the  coethcient  c'  is  about  0,64,  and  the  loss  of  head  is 


>-'=c=°i555(^'' 


iS'  =  i,6  feet 


When,  however,  the  ratio  r  is  higher  than  0,77,  the  loss 
due  to  sudden  eontraction  is  greater  than  that  due  to 
sudden  e^^pansion.  Thus,  if  the  diameter  of  the  small 
fitction  be  nine-tenths  that  of  the  large  one  and  the  ve- 
licJty  i*^  the  lai^e  section  be  j  feet  per  second,  the  loss  of 
head  wbt^n  the  flow  fiasses  from  the  small  to  the  large 
section  is 


A' •'0.01555 


0,81 


—  \ 


a'— o,ooj4  feet 
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But  if  the  flow  occurs  in  the  -ipposJte  direction  the  rati< 
r  is  0,9,  the  coefficient  d  is  0.79,  and  the  loss  of  head  is 

/('  =  o.oi"i55( 1)  a.47'  =  D.Do66  feet 

'      \0.79       / 

Ab  formula   (75),  is  an  empirical  one  the  results  derives 
from  it  arc  to  be  regarded  as  approximate, 

Prob,  75a.  Show  that  the  loss  due  to  sudden  contractioi 
is  the  same  as  that  due  to  sudden  expaneion  wten  the  ratii 
r  is  equal  to  0,77. 

Pryb.  76^',  Compute  the  loss  of  head  when  a  pipe  which  di 
charges  1.57  cubic  feet  per  second  suddenly  dimioishes  ia  sectioi 
from  13  to  fi  inches  in  diameter. 


i'         Art.  76.    Thb  Standard  Short  Tube 

An  adjutage  is  a  tube  inserted  into  an  orifice,  and  th< 
ahort-ti.jbe  adjutage,  consisting  of  a  cylinder  whose  length 
is  about  three  times  its  diameter,  is  the  most  commorij 
ftimi<  For  convenience  it  will  be  called  the  stam 
short  tube,  l*ecause  its  theory  and  coefficients  form 
starting  point  with  which  all  other  adjutages  may 
cordjvtred.  This  sliort  tube  is  of  little  value  fur  thi 
ruTisureTucnt  of  water,  since  the  cocffidents  for  standai 
.  orifiocs  arc  nmch  more  definitely  known.  The  discusait 
here  given  is  f*jr  the  cose  where  the  inner  edge  is  u  shi 
definite  corner  like  that  of  the  standard  orifice  (Art.  43). 
If  Itie  tube  be  only  two  diameters  in  length  the  sti 

passes  thftjugh  withoul 

touching  it.  as  in   the 

first  diagram   of  Fi( 

7ft.  and  the  dischj 

is  the  same  as  from  thi 

Fm,  w  cri6«.    If  it  be  length- 

CTiifvl  sul^^icatly  Ihr  slrram  expands  and  fills  the  tube,  as  ii 

Uk  second  diaxTWTL,And  the  discharige  is  inuch  increased-   B^ 
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obscrvaliojis  on  glass  tubes  it  is  seen  that  the  stream 
usually  contracts  after  Iccivrng  thi;  inntr  end  of  the  tuhe 
and  then  expands.  This  contraction  may  be  apparently 
destroyed  by  agitating  the  water  or  by  striking  the  tubt^ 
and  the  entire  tube  is  then  filled,  yet  if  a  hole  be  bored 
in  the  lube  near  its  inner  end  water  does  not  flow  out, 
but  air  enters,  sZiowing  that  a  negative  pressure  exists. 

kAn  estimate  of  the  velocity  and  discharge-  from  this 
rt-tube  adjutage  may  be  made  as  follows:  Let  h  be 
head  on  the  inner  end  of  the  lube  and  v  the  velocity 
of  the  outflowing  water.  The  hcsid  h  equals  the  velocity- 
head  v'/tg  plus  all  the  losses  of  head.  At  the  inner  edge 
a  li.iss  ol  o.o4i''/^5  occurs  in  entering  the  tu!je,  as  in  the 
Standard  orifice  (Art.  5fl),  and  then  there  is  a  loss  of 
(^  — w)'/2g  when  the  contracted  stream  suddenly  expands 
so  that  its  velocity  v'  is  reduced  to  v  (Art.  74).  If  a' 
end  u  be  the  areas  of  these  two  sections^  their  ratio  a'/a 
j»  the  coefficient  of  contraction  c'.     Then 


rt— 0,04— +1  -:— l) f 


No-o*',  taking  for  ^  its  mean  value  o.6?,  this  equation 
re^lutes  to  ti-o.84V  3^'/,  or  the  cocfRcient  of  velocity 
of  the  issuing  jet  is  0.S4,  Since  the  cross-sectiLm  of  the 
clTrani  at  tlie  outer  end  of  the  tube  is  the  same  as  that 
of  the  tube,  the  coefficient  of  contraction  for  that  end  is 
'V,  and  hence  (Art-  46)  the  coefficient  of  discharge 
i-  Jii^  0-S4- 

Experiixients   indicate,    however,    that   this  coefficient 

b  too  large,  and  this  is  td  be  expected,  since  the  alKJve 

Uivesugntion   does   not   include    the   loss   due    to    friction 

'    'TL-  the  sides  of  the  tube  after  the  stream  has  expanded- 

-Ti  the  experiments  of  \'cntiLri  and  Bossut  it  appears 
that  a  mean  value  is 

Coefficient  of  discJiarge  c  =  o,3a 
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This  coefficient,  however,  ranges  from  0.83  for  low  h 
to  0,79  for  high  heads.     It  is  greater  for  large  tubes 
for  small  ones,  its  law  of  variation  being  probably  the  < 
as  for  orifices   (Art.  47),  but  sufficient  experiments  1 
not  been  made  to  state  definite  values  in  the  form 
table. 

A  standard  orifice  gives  on  the  average  about  61 
cent  of  the  theoretic  dischat^e,  but  by  the  addition 
tube  this  may  be  increased  to  83  percent-     The  vcloi 
head  of  the  jet  from  the  tube  is,  however,  much  less  1 
that  from  the  orifice.     For.  let  v  be  the  velocity  ar 
the  head,  then  (Art.  45)  for  the  standard  orifice 

v''^o.t)&''/2gh     or     v^/2g  =  o.g6h 

and  similarly  for  the  standard  tube 

v=o,S2\/2gk     or     v^/2g  —  o.6'jh 

Accordingly  the  velocity-head  of    the   stream  from 

standard  orifice  is  96 
cent   of    the   theoretic 
kicity-head,   and    thai 
tlie  stream  from  the  st- 
ard    tube    is    only  67 
cent.    Ot  if  jets  be  direi 
vertically    upward    fror 
standard   orifice  and   t" 
as   in    Pig.  76r,    that   f 
tl^e    former    rises     t6 
^^"■'^^  height    o.y6/^     while    ' 

from  the  latter  rises  to  the  heifiht  0.67/;,  where  h  h 
head  from  the  level  of  water  AB  in  the  rescn'oir  to 
point  of  exit. 

The  energy  lost  in  the  stream  from  the  standard  on 
is  hence  4  percent  of  the  tlieoretic  encrg\-,  but  in  t 
from  the  standard  tube  33  percent  is  lost.  In  re;i 
energy  is  never  lost,  but  is  merely  transformed  into  o\ 
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fonns  of  enei^.  In  the  tube  the  one-third  of  the  total 
energy  which  has  been  called  lost  is  only  lost  because  it 
cannot  be  utilized  as  work;  it  is,  in  fact,  transformed 
into  heat,  which  raises  the  temperature  of  the  water. 
The  above  explanation  shows  that  most  of  this  loss  is 
due  to  the  impact  resulting  from  the  sudden  expansion 
of  the  stream. 

The  loss  of  head  in  the  flow  from  the  short  tube  is 
large,  but  not  so  Targe  as  might  be  expected  from  theoretical 
considerations  based  oA  the  known  coefficients  for  orifices. 
If  the  tube  has  a  length  of  only  two  diameters  the  water 
does  not  touch  its  inner  surface,  and  the  flow  occurs  as 
from  a  standard  orifice.  The  velocity  in  the  plane  of 
the  inner  end  is  then  6i  percent  of  the  theoretic  velocity, 
since  the  mean  coefficient  of  dischat^e  is  o,6i.  Now  when 
the  tube  is  sufficiently  increased  in  length  its  outer  end 
i^iU  be  filled,  and  if  the  contraction  still  exists,  it  might 
be  inferred  that  the  coefficient  for  that  end  would  be 
also  0.61;  this  would  give  a  velocity-head  of  (o.6i)Vi  or 
0.37/1.  so  that  the  loss  of  head  would  be  0.63/f,  Actually, 
^Kwever,  the  coefficient  is  found  to  be  0.82  and  the  loss 
of  head  only  0.33A,  It  hence  appears  that  further  ex- 
planation is  needed  to  account  for  the  increased  discharge 
and  energy. 

In  the  first  place»  a  loss  of  about  0.04/1  occurs  at  the 
^nner  end  of  the  tube  in  the  same  manner  as  in  the  stand- 
ard orifice,  and  only  the  head  0,96/i  is  then  available  for 
the  subsequent  phenomena.  If  the  coefficient  d  for  the 
^^ntracted  section  have  the  value  o.6»,  the  velocity  in 
^at  section  is 

^-^^^^^  =  1.3?^^ 

^d  the  velocity-head  for  that  section  is 
1/72^  =  1. 7.5/f 
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This  COeffiucatt,  howe^-er,  ranges  from  0,83  for  Idw  heads 
to  0.79  for  high  heads.  It  is  greater  for  ]arge  tubes  than 
fcr  n&oll  ODCS,  its  law  of  variation  being  i>robably  the  same 
as  6br  orifices  (Art.  47).  but  sufficient  experiments  have 
HOC  beeo  tnade  to  state  definite  vulucs  in  the  form  of 


A  $t:uiil^rd  orifice  gives  on  the  average  about  61  pci 
ont  of  the  theoretic  discbarge,  but  by  the  arldition  of 
tebtt  this  fi^y  be  iticrcased  to  82  percent.     Tlie  veli-oit^ 
hffsd  of  the  jet  from  the  tube  is,  hovrever,  mucli  less  thj 
I  frvcn  the  orifice.     For,  let  !/  be  the  ^-elocily  and 
bs»d,  llwn  (Art,  45)  for  the  standard  orifice 

li  =  o,9SVagA     or     tj'/s^  — 0.96/1 

3Ih1  ^tattUfy  for  the  standard  tube 

V-o.SaV'sg/i     or     uYag  — 0.67/t 


4u$949dta(1y  the  velocity-beatl  c£    the   atreani  from 
A . □  -.. I J       -f* 


standard  orifice  is  gfi  per- 
cent of  tlie  theoretic  v 
locity-head,  and  that  o] 
t!ie  stream  fr<jm  ilie  stand 
ard  lube  is  only  67 
cent.  Or  if  jets  be  direcl 
vertically  upward  from 
standard  orifice  and  tube.I 
as  in  Fig,  7br,  that  froi 
the  former  rises  tO  th< 
height    o.gOh,    while    thai 


hi 


t^. 


'  Utlvr  rises  to  the  height  0,^7/*.  where  h  is  th* 
i>i  ;hi*  kvc]  of  water  AB  In  the  rcscrv^oir  to 

■    I'V  loftt  in  the  stream  from  the  standard  orifk3 

i   i'oi'^riit  <>f   the   tUeoretic  ener^.   but   in   that 

■U>i>lju«.!    tulje    33    percent   is   lost-      In    roality| 

\wv^'  iuHl,  but  is  merely  transformed  into  oUn 
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of  energy.  In  the  tube  the  one-third  of  the  total 
lergy  which  has  been  called  lost  is  only  lost  because  it 
lot  be  utilized  as  work;  it  is,  in  fact,  transformed 
ito  hcnt,  which  rfiises  tlje  temperature  of  the  water. 
le  above  explanation  sho^^'s  that  most  of  this  loss  is 
clue  to  the  impact  lesulting  from  the  sudden  expansion 
of  the  stream, 

Tlie  loss  of  head  \n  the  flow  from  the  short  tube  is 
lar^e,  but  not  so  large  as  m^ht  be  expected  from  theoretical 
considerations  Ixjsctl  oil  the  known  coefHcients  for  orifices. 
If  the  tube  has  a  length  of  only  two  diameters  the  water 
does  not  touch  its  inner  5urf:ice,  and  the  flow  occurs  aa 
from  a  standard  orifice.  The  velocit>"  in  the  plane  of 
the  inner  end  is  then  6i  percent  of  the  theoretic  velocity, 
^nce  the  mean  coefficient  of  discharge  is  0.61.  Ndw  when. 
the  tube  is  sufRciently  increased  in  length  its  outer  end 
win  be  fille<i,  and  if  the  contraction  still  exists,  it  might 
be  inferred  that  the  coefficient  for  that  end  would  be 
a  fan  0.61:  this  would  give  a  velocity-head  of  (o.6s)^h  or 
0,37^.  so  that  the  loss  of  head  would  be  0,63/i,  Actually, 
however,  the  coefficient  is  found  to  he  o.fla  and  the  loss 
of  head  only  0.33':.  It  hence  appears  that  further  ex- 
' '  Tiati'JTi  is  needed  to  account  for  the  increiised  ilischnrgc 

:  energy- 

Tfi  the  first  place,  a  loss  of  about  0.04''  occurs  at  the 
imter  end  of  the  tube  in  the  same  manner  as  in  the  stand' 
aid  orifice,  and  only  the  head  o.g6ii  is  then  available  for 
the  subsequent  phenomena.  If  the  coefficient  l'  for  the 
contracted  section  have  the  value  o,6j^  the  velocity  in 
tljftl  section  is 


v'  = 


0-67 


tnd  the  velocity-head  for  that  section  is 
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jiish  the  coefficients  ci  dischaige  and  velocity  g^^■en  in 
Tabk  31.  The  former  of  these  was  determined  by  measur- 
ing the  actual  discharge  [Art,  46),  and  the  latter  by  the 
range  of  the  jc-t  (Art.  45).  The  coefficient  of  contraction 
as  computed  from  these  is  given  in  the  last  column,  and 
this  applies  to  the  jet  at  the  smallest  section,  some  dia-' 
tance  beyond  the  end  of  the  tube.  While  these  valuei 
filiow  that  the  greatest  discharge  occurred  for  an  angle 
of  about  ij}  degrees,  they  also  indicate  that  the  coefilcient 
of  velocity  increases  with  the  convergence  of  the  cone, 
becoming  about  equal  to  that  of  a  standard  orifice  for 
the  last  value-  Hence  the  table  seems  tr»  tench  that  a. 
conical  fntslum  does  not  usually  give  as  high  a  velocity  as 
a  standani  orifice-  I 

Under  very  high  heads,  over  300  feet,  Hamilton  Smith 
found  the  actual  discharge  to  agree  closely  with  the  theo-; 
relicai,  or  the  coefficient  of  discharge  was  nearly  1.0,  andl 
in  some  case  slightly  greater.*  His  tubes  were  about 
o.g  feet  long,  o,r  feet  in  diameter  at  the  small  end  and 
O.J5  feet  at  the  large  end,  the  angle  of  convergence  beingi 
17  degrees.  As  these  figures  indicate  a  contraction  of] 
the  jet  beyond  the  end,  it  cannot  be  supposed  that  lhe( 
coefficient  of  discharge  in  any  case  was  really  as  high  asj 
his  experiments  indicate.  Under  these  high  heads  thej 
cylindrical  tip  applied  to  the  end  of  a  tube  produced  noj 
ffTcct  on  the  discharge,  the  jet  passing  through  withoutJ 
touching  its  surface. 

Prob,  77.  If  the  ronfficient  of  discharge  is  0.9S  and  tba 
coeflitient  of  velocity  o.gpSt  compute  the  coefficient  of  conJ{ 
trafti-on, 

Abt.  7S.     Inward  Projecting  Tubes 

Tnwnrd   projecting   tubes,   as  a  rule,   give    a    less    dis- 
ciiargc   than   those   whose   ends   are   flush   with    tlie    sid< 
of    the    reservoir,    due     to     tlie     greater   convergence 
*  Smith's  Hydfaulic^  p.  2^^ 


AitT* 
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the  lm€S  of  direction  of  the  filaments  of  WAter,  At  A 
and  B  are  sliowii  inward  projecting  tubes  so  sliort  that 
\X\t  water  merely  touches  their  inner  edges,  and  hence 
lliey  may  more  properly  be  called  orifices.  Experiment 
shotTs  tiiat  the  ciise  fit  A^  where  the  sides  of  the  tube 


Fig.  73 

ai?  normal  to  the  side  of  the  rcsor\'oir,  gives  the  mmimtim 
coefficient  of  discharge  f  =  0.5,  while  for  B  the  value  lies 
between  0.5  and  that  for  the  standard  orifice  at  C.  The 
inwird  projecting  cylindrical  tube  at  D  has  been  found  to 
pve  a  dischaige  of  abciut  72  percent  of  the  theoretic  dis- 
charge, while  the  standard  tube  (Art.  76)  gives  81  percent. 
Fw  the  lubes  E  and  F  the  coefTicienLs  depend  upon  the 
Btnount  of  inward  projection,  and  they  arii  much  larger 
thin  0.71  for  both  cases,  when  computed  for  the  area  of  the 
smdJcr  end, 

h  35  usually  more  convenient  to  allow  a  water-main  to 
Fffoj&:l  inwaui  into  the  reservoir  than  to  arrange  it  with 
i*t  ^ulh  flush  to  a  vertical  side.  The  case  D.  in  Fig, 
***  1*  therefore  of  practical  importance  in  conKidering  the 
eniirajjce  of  water  into  the  main.  As  the  end  of  such  a 
"to  has  a  flange,  fornuog  a  partial  bell-sliaped  mouth, 
th*  value  of  t  is  probably  hightT  than  0.72.  The  usual 
**J*  taken  is  o.Sa,  or  the  same  as  for  the  standard  tube, 
•r^ically.  as  will  be  seen  later,  it  makes  httle  difference 
■*ich  of  these  is  used,  as  the  vdi-city  in  a  water-main 
is  ilow  and  the  resistance  at  the  mouth  is  very  small  com- 
paird  with  the  frictional  resistances  along  its  length. 

Prob.  TS.  FiTid  the  coefficient  of  discharge  for  a  tnibc  whftse 
tiimeiCT  is  one  inch  when  the  flow  undor  a  head  of  9  feet  la 
SM^i  culic  feel  iQ  3  miDutes  anti  3a  seconds. 


im 
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Art.  79,     Diverging  and  Compound  TuBea 


Fro- TO 


In  Fig-  79  is  shown  a  diverging  conical  tube^  BC^  ani 
two  compmnd  tubes.     The  compound  lulu;  ABC  consists 
of  two  cones,  llie  converging  one,  AB.  being  much  shorter 

than  the  divei^ig  one,  BC, 
50  that  the  shape  rotighly 
approximates  to  the  foim  of 
the  contracted  jet  which  is- 
sues from  an  orifice  in  a 
thin  pkte-  In  the  tube  AE 
the  curved  ccm  verging  part 
AB  closely  imitates  the  con- 
tracted jet.  and  BB  is  a 
short  cylinder  in  which  all 
the  filaments  of  the  stream 
are  supposed  to  move  in  lines 
pamllrl  lo  the  aids  of  the  tube,  the  remaining  part  being 
n  frusiimi  of  rt  cone.  The  converging  part  of  a  com- 
jK^uud  tube  is  often  called  a  mouthpiece  and  the  divergir^ 
pftTt  an  udjntiigc. 

Many  experiments  with  these  tubes  ha\"e  sho^^-n  the 
intcrv^tin^  fact  \hi\l  the  discbar^  and  the  velocity  through 
the  smallest  section,  B,  are  greater  than  those  due  to 
lh«  lioail;  or.  ut  other  wcirUs,  that  the  coefficients  of  dis- 
cliargo  ami  vrlocity  for  this  section  are  groater  than  unity, 
l>nc  v'f  Urti  first  l^  notice  this  wus  Berrwulli  in  1738,  who 
fi)imd  4'  •■  1  .oS  for  u  divtrrging  tube.  Venturi  in  1 75 1 
uxpcTimwicJ  o«i  stich  tubes*  amd  d»oired  that  the  angle 
<if  \\w  divt^rsing  pwt,  as  iJso  its  l«eth,  greatly  inflTienced 
tlw  (liAcbArCP.  H«  cODchlded  tbAt  c  woukl  haw  a  maxi- 
nnnn  ^nhte  v^f  x.it  when  the  length  of  the  di\'er^g  part 
wu  4  \w\ts,  iu  k<nst  diameter,  the  ftngfe  ax  the  \-ertejt  of  the 
0.UIC  beUit;  !;*oo\  Eytelwnn  found  >-wi.i3  for  a  divcrg- 
in)l  i\tXjK  tikv  tK"^  m  F>g.  Ty  but  vHmo  tt  was  used  as  an 
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adjuUge  to  a  moullipiece  AB,  thus  fgrniing  a  tonipixind 
i^dbt  ABC,  he  found  t,  -  1.55. 

The  estperiments  of  Francis  in  1854  cm  a  compound 
mbe  liite  ABCDE  are  very  interesting*  The  curve  of 
Iheconver^Tig  part  AB  wna  a  cydoid,  BB  was  a  cylinder, 
find  the  diameters  at  A,  B,  C.  D,  and  E  were  1.4,  0,102, 
0.145,  0-334.  and  0,321  feet.  The  piece  BB  was  0,1  feet 
tmg,  and  the  others  uach  i  fi>ot;  these  were  made  Co 
srew  together,  so  that  experiments  could  be  made  jii 
difierent  lengths.  A  sixth  piece,  £/■",  not  shown  in  the 
Epiff,  was  also  used,  which  was  a  prolongation  of  the 
diverging  cone,  its  largest  diameter  being  0,4085  feet- 
lie  tubes  were  of  cast  iron,  and  quite  smooth.  The 
flow  was  measured  with  the  tubes  submerged,  and  the 
ffJective  head  varied  from  about  o.oi  to  1.5  feet.  Ex- 
doiling  heads  less  than.  o,t  feel,  the  following  shows  the 
range  in  value  of  the  coefficients  of  discharge; 

c  tiic  Socifao  BB.  t  f(,r  Outer  End- 

o.fio  to  0.94 
1.43  to  1. 59 

X.93  to   3. 16 
2.oS  to   2,43 

2-05  to  3.43 

T^ie  maximuni  discharge  was  thus  found  to  occur  with 
the  tube  AE^  and  to  be  3.43  times  the  theciretic  discharge 
that  would  be  expected  for  the  small  section  BB.  In 
general  che  coeRicients  increased  with  the  lieads,  the  value 
2.0S  being  (or  a  head  of  0.13  feet  and  a. 43  fur  a  head  of 
1.36  feeti  for  1.3^  feet,  however,  c  was  found  to  be  a. 36, 

These  coefficients  of  discharge  are  the  snine  as  the 
coefTicienls  L>f  velocity,  since  the  tube  was  entirely  filled. 
Thus,  when  the  coefficient  Tlt  the  section  BB  was  j.43 
the  velocity  was  V'=i.^i\/^gh,  and  the  velocity-head  was 

i'V3g-Ca-43)Vi-5'9o^* 
LoweU  HydrauHc  EjipcrirDenls,  4lh  Edition,  pp.  jrjy-ajj. 


for  tube  A  B, 
for  tube  AC. 
for  tube. 4  D, 
for  tube  .4  E, 
for  tube -4  F, 


0.80  to  0.Q4 
o. 7  o  to  0. 7  8 
0.37  to  0,41 

0.2T   to  0,^4 

0.13  to  0.15 
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Therefore  tl^e  flow  Llimugh  the  section  BB  was  that  due 
to  a  head  5,9  tiirifs  greater  than  the  actual  head  uf  1.36 
f«et:  or.  in  other  words,  the  energy  of  the  water  flowing 
in  BB  WJ15  5-9  times  the  theoretic  energy.  Here,  ap- 
parently, is  a  striking  contradiction  of  tJie  fundaniental 
law  of  the  conservation  of  ener^.  The  explanation  of 
this  apparent  contradiction  is  the  same  as  that  given 
m  Art.  76  for  the  short  tube  adjutage,  The  increased 
velixnty  and  discharge  is  due  to  the  occurrence  of  a.  par- 
tial vacuum  near  the  inner  end  of  the  adjutage  BC.  The 
pressure  of  the  atmosphere  on  the  water  in  the  reservoir 
thus  increases  the  hydrostatic  pressure  due  to  the  head, 
and  the  increased  flow  results.  The  energy  at  the  smallest 
section  is  accordingly  higher  than  the  theoretic  energy, 
but  the  excess  of  this  above  that  due  to  the  head  must 
be  ex[)ended  in  overcoming  the  atoiospheric  pressure 
on  the  outer  end  of  the  tube,  so  that  in  no  case  does  the 
available  exceed  the  theoretic  energy.  No  contradiction 
of  the  law  of  conservation  therefore  exists. 

To  render  this  explanation  more  definite,  let  the  ex- 
treme case  "he  consiflered  where  a  complete  vacuum  exists 
near  the  inner  end  of  tfie  adjutage,  if  that  were  possible, 
as  it  perhajjs  might  l»e  with  a  lube  of  a  certain  form. 
Let  h  Le  tlie  head  of  water  in  feet  on  the  center  of  ttie 
smallest  se**tion.  The  mean  atmospheric  pressure  on  the 
water  in  the  resen'oir  is  equivalent  to  a  head  of  34  feet 
(Art.  5).  Hence  the  total  head  which  causes  the  discharge 
into  the  vacuum  is  /i  +  34  and  the  velocity  cf  flow  is  nearly 
v'jg(ft-h3-i^-  Neglecting  the  resistances,  which  are  vpTy 
sliglu  if  the  entrance  be  curved,  the  coefficienls  of  velocity 
and  discbarge  can  now  be  found;  thus: 


I 


for /[  -100, 

.  iarh''   10, 

for  A—     I, 


V-V2gXT34-i,r6v'a£A 


^2gx   44 - s.ioVa^A 


w-V'agX   35-5'9'V'»^ 
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The  coefficient  hence  increases  as  the  he^d  decreases. 
Thai  this  is  not  tlic  case  in  the  above  t?\]>enments  is 
iindcmbledlj'  due  to  the  fact  that  the  vacuum  was  only 
partialn  and  that  tlie  degree  of  rarefaction  varied  with 
ihf  velocity.  The  cause  of  the  vacuum,  in  fact,  is  to  be 
ittribiited  to  the  velocity  of  the  stream,  which  by  fric- 
tion removes  a  part  of  the  air  from  the  inner  end  uf  the 

It  folbws  from  this  explanation  tliat  the  phenomena 
0/  increased  discharge  from  a  compound  tutie  could  not 
be  produced  in  the  absence  of  air.  The  experiment  has 
been  thed  011  a  small  scale  under  the  receiver  of  an  air- 
pump,  and  it  was  found  tl;at  the  actual  flow  through 
the  narrow  section  diminished  the  more  complete  the  rare- 
laciicm.  It  also  follows  that  it  is  useless  to  state  any 
value  as  representing,  even  approximately,  the  coefficient 
of  dischai^  for  such  tubes. 

Prob.  79.  Compute  the  prcs*jT*  per  square  inch  in  the  sec- 
'iMBi  BBoi  Francis"  tube  when  h  —  1.36  feet  aad  c-^fl.4j.     What 
[B  the  berghl  of  the  eolunm  vi  water  that  can  be  Lifted  by  a  ^mall 
insened  at  BB? 


Art.  80,     NoaaLES  and  Jets 

For  fire  service  two  forms  of  noziles  are  in  use.  The 
;h  nozzle  is  essentially  a  conical  tube  hke  A  in  Fig. 
77,  the  larger  end  being  attached  to  a  hose,  but  it  is  often 
provided  with  a  cyhndrical  tip  and  sometimes  the  larger 
end  is  curved  as  shown  in  Fig.  SOa.     The  ring  nozzle  is 


Fic.  SOd  Fig,  BO6 

liar  tube,  but  its  end  is  contracted  so  that  the  water 
through  an  orifice  smaller  llian  the  end  of  the  tube, 
experiments  of  Frecn\an  show  that  the  mean  coefficient 
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of  discharge  is  Jibout  o.gy  for  the  smooth  nozzle  and  about 
0,74  for  the  ring  nozzle.*  The  smooth  nozzle  is  used 
much  mc>re  than  the  ring  nozzle. 

Let  d  be  the  diameter  o(  the  pipe  or  hose  and  D  the 
diameter  of  the  outltil  at  the  end  of  the  nozzle,  and  let 
r  and  V  be  the  corresponding  velocities.  Let  h^  be  the 
pressure-head  at  the  entrance  to  the  nozzle:  then  tlie 
effective  head  at  the  entrance  to  the  nozzle  is 


H 


'A,-!-  — 


and  the  velocity  at  the  end  o£  the  nozzle  is  V =Cx'^2gH, 
where  c,  is  the  coefficient  of,  velocity.  The  reasoning  of 
Art.  51  apphes  here,  if  the  ratio  D^/d^  be  used  in  place 
of  a/A,  and  ft,  in  place  of  h,  and  hence 


(80), 


is  the  velocity  of  flow  from  the  nozzle,  c  being  the  co- 
eftid<]nt  of  discharge,  Tlie  discharge  per  second  is,  from 
formula  (61), 


q-o.-j&SAD' 


J ^1 


The  effective  head  at  the  nozzle  entrance  is 


(80)» 


V 


ii. 


^^€^7g     i-c\D/dy 
and  the  velocity-head  of  the  issuing  jet  is 

Yl        ''^^ 

v^ich  gives  the  height  to  which  the  jet  would  rise  if  there 

were  no  atmospheric  resistances.     In  these  formulas  D/d 

* Transctiuns  Ainczican   Soctvly  of  Civil    Hngideax,  1^89,  Vol.  ji,  pp^ 
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JBI  an  abstract  number  and  to  find  its  value  D  and  d  may 
be  tAken  in  ajiy  uiiit  uf  meai^iirt. 

When  fti  and  /?  are  '\n  feet,  ^  is  to  be  taken  as  3a, t6 
feet  per  second  per  second.  Then  (SO)i  gives  V  in  feet 
per  second  and  CSO)j  gives  q  in  cubic  feet  per  secciwl. 
When  tlie  gage  at  the  nc^zle  entrance  gives  the  pressure 
p^  in  pounds  per  square  inch,  h^  in  feet  is  found  from 
2.304/>|,  It  is  a  common  pratlice  in  figuring  on  fire- 
streams  tr»  compute  the  discharge  in  gallons  per  minute. 
Pur  thia  case,  if  i^  be  taken  in  inches, 


P. 


^ 


T 

I 


gives  the  discharge  in  gallons  per  minute. 

For  smooth  nozzles  the  value  of  the  coefficient  oi 
■x'elocity  Ci  is  the  same  as  that  of  the  coefficient  of  dis- 
charp'  ^'  since  the  jet  issues  without  contracUon.  The 
experiments  of  Freeman  furnish  the  following  mean 
alues  of  the  coefficient  of  discharge  for  smontli  cone 
nrizzles  of  different  diameters  rnider  pressure-heads  rimg- 
ing  frcon  45  to  iSo  feel: 

Diameter  in  inches—      }  j  i  t\  ij  1  = 

Coefficient  £  —0,963     o.gS?     0.979     0-976     0.971     0959 

These  values  were  determined  by  measuring  the  pressure 
^  and  the  discharge  q,  frnm  whicli  c  can  be  computed 
y  the  laj;t  formula.  For  example,  a  nozale  having  a 
iameter  of  i.ooi  inches  at  the  end  and  j.50  inches  at 
ibe  base  disclmrged  208,5  galli^^ns  per  minute  under  a 
pressure  of  50  pounds  per  square  inch  at  the  entrance. 
Ht-T^  i?  =  i,oot,  cf-5.5,  f»i -50,  and  ^  =  308.5,  and  in- 
serting these  in  the  formula  and  solving  for  c,  there  is 
nd  r  =  o-98^. 

In  ring  noadea  the  ring  which  contracts  the  entrance 
usually  only  -^  or  J  inch  in  width.     The  effec-t  u{  this 
is  lo  diminish  the  dischar^,  but  the  stream  is  sometimes 


in 


Flow  th rough  Tubeb 


CUAP.  VII 


thrown  to  a  slightly  greater  height.  On  the  whole,  ring 
tivtfTikFf  st*fin  la  hiive  no  advajitage  over  snitioth  ones 
for  flr«  p\irpf)scs.  As  the  stream  contracts  after  leaving 
Ihu  iitiiilc.  the  coefficient  of  velucity  u\  is  greater  than 
lh<>  t"Oorticient  of  discharge  c.  ITic  vahie  of  £  being  about 
0,74,  that  of  Cj  is  probably  a  little  larger  than  0.97.  In 
wn^  {^0)t  for  ring  nozzles  these  values  of  c,  and  c  should 
hv  mixrte*\.  hut  in  using  (80),  only  the  vahie  of  c  is  needed. 

Acconlin^  to  Freeman's  experiments,  the  discharge  of 
I'inch  ring  nozzle  is  the  same  as  that  of  a  J-inch  smcw^th 
iu*xik*H  while  the  discharge  of  a.  ij-tnch  ring  nozzle  is 
nUiut  JO  i>ercent  greater  than  that  of  a  i-inch  smooth 
n;izik-  'riie  heights  of  vertical  jets  from  a  il-inch  ring 
IUij^kIc  nrc  abcTJt  the  same  as  those  from  a  i-inch  smooth 
iuixik%  while  the  jets  from  a  :|-inch  ring  nozzle  are  slighUy 
k-'ss  in  height  than  those  from  a  il-inch  smooth  noizle. 

The  %'ertical  height  of  a  jet  from  a  nozzle  is  very  much 
less,  im  account  of  the  resistance  of  the  air,  than  the  value 
(leikiccd  above  for  V'/^g.  For  instance,  let  a  smooth 
ntictlc  one  inch  in  diameter  attached  to  a  3.5-inch  hose 
hftvo  c— 0,07  and  the  pressure-head  ^|  =  3jo  feeti  then 
the  cfiinjjutation  gives  the  velocity-head  \'*/^g  as  121 
fcoty  whereas  the  a\'erage  of  the  highest  drops  in  still  air 
will  lie  ^lx>ut  15a  feet  high  and  the  main  body  of  water 
will  \k  se\-eral  feet  lower.  Table  32,  compiled  from  the 
rt9iu1ts  of  rreeniin*s  experiments,  shows  for  three  different 
sdi^ootb  noMles  the  height  nf  vertical  jels,  column  A 
pvinp  the  fieighls  reachctl  by  the  average  of  the  highest 
dft^p*  in  still  air.  and  column  B  the  maximum  limits  of 
height  as  a  ffxid  effective  fire-sti^am  with  moderate 
wind.  The  discharge  gis-en  depend  odIv  00  tlie  pressure, 
arc  the  ^mc  for  lioruunul  as  for  \'Gnica1  jets. 

The  inaKtmiLiii  hf^rtoontal  dtslance  U*  vhit^  a  jet  can 
bt  llm^^*^l  is  alft*  a  roettsure  ol  the  cfFicieDcy  of  a  noziJe, 
T1)«  following,  taken  ffvcn   FrMana's  ubk£,  gives  Lbe 
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horizomtaJ  distances  at  Ihe  lev^l  of  the  nozzle  reached  by 
ihc  average  of  the  extreme  drops  in  atill  air: 


ENvsBtiml  BOEzlecntniDK, 


4*^ 


60 


So 


lODpoundx 


77 

13.1 

167 

ifig 

J05  feet. 

*.^ 

M* 

1S6 

IIJ 

3  j6  feet. 

76 

'J< 

164 

iSG 

Jor  freL 

78 

i.ss 

171 

I9fi 

a  1 5  (eet. 

79 

f44 

160 

:;Dti 

aajfeeL 

From  I'incli  anooib  nftnit,  71        Tii        tjti        tjj        167  f«t. 

Fram  i-iiuihsnHK>lh  nofzle, 
Fram  I  j-inch  gnoolh  nfjEilc, 
"  -'tn  1 1 -inch  ring  n(ji?]e, 
111  ij-inchnng  nm.ilt. 
From  i|-inchringDO£Ele, 

The    practical    horijofital   distance   for   an    effective  fire- 
is,  however,  only  about  one-half  of  these  fipjres. 

The  ball  nozzle,  often  used  for  sprinkling,  hjis  a  cup  at 
the  end  of  the  nozzle  und  within  the  cup  a  bLtll,  so  that  the 
jtt  issuing  fTOm  the  tip  of  the  nozzle  is  deflected  sidewise 
in  uU  directions.  This  appa^at^JS  exl^ibUs  a  striking  illua- 
tratjon  of  tht?  principle  of  negativi;  ]3re!jsurc,  for  the  ball 
is  not  driven  away  from  the  tip,  but  is  held  close  to  it  by 
Ihe  atniospheric  pressure,  the  negative  pressure-head  bcinj; 
id  t>y  the  high  velocity  of  the  sheet  of  water  around  the 
The  cup  is  usually  so  arranged  that  the  b-tll  cannot 
driven  out  of  it,  for  this  might  occur  under  the  fii^l 
ipact  of  the  jet,  but  when  the  iiow  has  beconre  steady 
is  no  tendency  of  this  kind,  and  the  ball  is  seen  slowly 
ivolving  without  touching  any  part  of  the  cup, 

Prob.  80d.  Find  from  Table  32  the  hciEhls  of  vertical  jeis 
a  -{-tntrh  and  a  ij^-inch  nozzle,  and  the  djscharges  in  gaMon'^ 

minute,  when  the  indicated  pressure  at  the  entrance  is  73 

ids  per  square  inch. 

Prob-  S(M>.  A  nozzle  t(  inches  in  diameter  altachtd  to  a 
nlar-pipe  v\  inelies  in  diameter  diseharge^i  31a.fi  gallons  per 
innate  under  an  indicated  pressure  of  30  pounds  per  Square 
'indi^     Piod  the  velocity  of  the  jet  and  the  coefficient  Ci. 

Pn>b.   SOc.   Insert  a   pin   through  the  center  of   a  piece  of 
cardboard  about  a  mches  in  diameter.     Put  the  pin  into  one  end 
a  straw  tul«  and  blow  hard  into  the  other  end-     Explain  the 
loonena  which  are  observed. 
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.,^T  Head  in  Long  Tubes 

-<iiti   r*m  on  orifice,  tube,  pipe,  or  nozzle 

:s   velocity-head  is  v^/2g  and   it  is 

-.T  Ti^rul  effective  head  h  that  can  be 

-     "i-A:'it'ii  of  work.     Tte  lost  head  then  is 

H 
^    .rHfilicient  of  velocity   for  the   section 
-^_  -i^^t   jccurs,   the   ^■elocity  v   is  given   by 


-(^-)5 


(81), 


\.:.'i»rt*a.ni  for  the  lost  head  in  terms  of  the 

^_-__        -'-   rhtf   standard  orifice    (Art.  45).    the 
>  o-,s5  ;.md  for  an  orifice  perfectly  smooth. 
,..,.    -  i«  ,S1\ 

\  ^0.04 — ;    and    h^=o 

,^^^        -.-:.}  :or  these  two  cases, 

»^.'   ^^■:\:     ?^}^'^rt     cylindrical    tube    (Art.  7B) 

>  ..S'u:  ^-^.Sj,  and  the  loss  of  head  is 

I  \  v^  v^ 

.    -I      .   .  — 1) — =0.40—^ 

....  ..    — ,  A.v:i'.ij;  cylindrical  tube  (Art.  78)  the 

*  ,.V.;.  >'  ' :.  .uid  hence  the  loss  of  head  is 
X  \  :■'  v^ 

,     -  I  H  —  I  1 —  =O.0l 

V  '***ii  >'-  ^oi*d  for  the  inward  projecting 
,  ,  ^  xn:  :■<'  "'  ^^^*^  velocity-head  of  the  issuing 
.      ,      V      :^\".r'.  tUo  standard  tube  is  aliout  onc- 

^  V    ^   t.".  tior   ih:m   three   diameters   it   l)e- 

^.^  .^  .  .  V  ^v   ^i  VU**'-     liei'e  the  loss  of  head  is 
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II 


:h  greater  because  the  water  meets  with  fnctional 
stances  along  the  interior  surface^  and  the  longer  tlie 
[Mpe  the  greater  is  this  resistance  and  the  slower  is  the 
x-elocily.  The  formula  (81)^  gives  the  total  loss  of  head 
for  this  cast-  also.  For  cxam|)lo,  the  cxpt?rinicnts  of 
Eytelwein  and  others  have  given  values  of  c^  for  the 
f^n&es  below,  and  from  these  the  corresponding  values  of 
the  total  lost  head  have  l)ecn  ctjniputed.  If  /  denotes  the 
length  of  the  pipe  and  d  its  diameter,  the  end  connected 
witlfc  Uie  reservoir  being  arranged  like  tJie  standard  tube; 
then 

fori  —  lad  Cj  =0.77  h'  ='0.6gv^/2g 

for  ^  —  36^  f,  =0,67  h'  =  i.2^v'/2g 

£or/  =  6orf  fj  —0.60  h'  =  i.yyv^/sg 

^ow  in  each  of  these  cases  the  amount  o.^^^/sg  is  lost 
in   entering  the  tube  and   in   impact,   as  in   the  standard 
fihort   tube.     Hence  the    loss  of   head   in   friction   in    the 
^  remaining  length  of  the  pipe  is  h" -'h' —  o.^gv^/7£,  or 
^H  loTl-tsd  k"~o.2av'/2g 

^P  for  ;  =  6od  h"  =  i.2Svy-2g 

^Krbich  shcrw  that  the  frictional  losses  increase  with  the 
^Bngtb  of  the  pipe.  The  length  of  the  pipe  ia  which 
Thtt  entrance  lossts  occur  is  about  3J,  ht-nce  if  jii  by 
subtracted  from  each  of  the  above  lengths,  the  lengths 
in  which  the  friction  loss  occurs  are  gd,  33J,  and  57^. 
^nf\  tt  is  seen  that  the  above  losses  of  head  in  frictitDn 
are  closely  proportional  to  these  lengths.  By  these  and 
many  other  experinients  it  has  been  shown  that  the  Itiss  of 
bead  in  frictiot:  varies  directly  wnth  the  lengtli  of  the  pipe. 

The    lost   head   has   htrre  been   expressed   in  terms   of 
the  velocity -head,  but  it  can  also  be  expressed  in  terms 
Uie  lota]  head  h  that  causes  the  flow.     For,  substituting 
(SI)   the  vaJue  of  v  given  by  c{\/2gk,  it  reduces  to 

h'~(i'S,')k  [81), 
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Thus,  for  ihe  standard  short  tube  h' —o.^^h;  for  the  m- 
wiinl  prc»j^ting  tube  h' =<:f.i^&ii,  and  for  the  above  tube 
or  pipe  whose  length  Ls  60  iliuniclers  A^— 0,64/1- 

Prob^  Std.  If  a  standard  orifice  and  a  atatidard  tube  be  of 
Ihe  same  diaaieler.  show  that  the  former  will  deliver  about 
o  percent  nuire  power  than  the  latter. 


Art.  82,     Is-clised  Tvbes  and  Pipes 

Tlie  tubes  discussed  in  this  chapter  have  generally 
been  r^aried  as  horizonlalj  but,  if  this  is  not  the  case, 
the  fDnmilas  for  velocity  and  discharge  may  be  applied 
to^lhiitn  by  measuring  the  head  from  the  water  le\'eJ  in 
the  reservoir  down  10  the  center  of  the  head  of  the  pipe. 
Thus,  for  the  oozzles  of  Art,  80,  it  is  understood  tliat  the 
tip  IS  at  the  same  level  as  the  gage  whicli  registi^rs  the 
prcE^surv  p*  or  the  pressure -head  ft, :  if  the  tip  bo  lower  than 
ihc  giige  by  the  vertical  distance  dj,  the  true  pressure- 
hc;ul  to  be  used  in  the  formula  ]^  h^^-d^;  if  ii  be  higher 
Uie  irvie  pressure-head  is  h^  —  d,.  Then  the  velocity-head, 
t'/afi  is  to  be  measured  upward  from  the  tip  of  the  nozzle., 

Th(>  theorem  of  Bemouilli.  given  in  Art.  32,  is  tru« 
fiir  int.'li»L'd  ns  well  as  for  horizontal  pipes  under  ufiifonn| 
i\nvi,  hut  it  will  be  convenient  to  express  it  in  a  slightly 

different  foroi-  Let! 
(Ji  and  a,  be  iwo 
sections  of  a  pipe, 
where  the  velocitii 
are  v,  and  t'„ 
the  pressure  -  heads , 
are  A,  and  A„  and 
let  the  flow  be  steady 
s(i     that     the     same' 


Vii\  «a 


Wi>l||1ii  <^f  WHtiH',  w,  passes  each  section  in  ore  second.. 
Itft  A/*V  1"»  ""y  horifontal  plane  lower  than  the  lo^    " 
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eeclion,  as  for  instance  Ihe  sea  level,  and  let  f,  and  c,  be 
the  elevations  of  a,  and  ji,  above  it.  With  respect  to 
this  plane  the  weight  W  at  a,  has  the  potential  energy 
UV,  the  pressure -energy  Wh^  and  the  kinetic  energy 
W.v^^/ig.  or  the  total  energy  is 

Similarly  with  respect  to  this  plane  the  energy  m  (3,  is 


-%. 


If   no   losses  of  energy   occur  between   the  two   sections, 
thes«  expressions  are  equal,  and  hence 


',+h,+f^-e,+k,+f^  (82), 

and  accordingly  the  theorem  may  be  stated  as  follows: 

In  any  pipe^  under  steady  flow  without  impact  or  friction, 
ibe  gravily-head  plus  the  pressurc-hpad  plus  the  velocity- 
head  is  a  eoTiatanl  quantity  for  every  section. 

Now  let  Hi  and  //,  be  the  heights  of  the  water  levels  in 
the  piezometer  tutes  above  the  datum  plane;  thou  f,-f- 
h^^Hy  and  e,H-ij=//j,  and  accordingly  (82)^  becomes 


'      ig  '      Ig 


(82). 


or,  the  piezometer  elevation  for  a^  plus  the  velocity-head 
is  equal  to  the  sum  of  the  corresponding  quantities  for 
any  other  section. 

This  theorem  belongs  to  theoretical  hydraulics,  in 
which  frictional  resistances  are  not  considered.  Under 
actual  conditions  there  is  always  a  loss  of  energy  or  head, 
so  that  when  water  flows  from  a,  to  Oj  the  first  member 
of  the  above  equation  is  lai^cr  than  the  second-  Let 
ll'A'  be  the  loss  in  energy,  then  this  is  equal  to  the  dif- 
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Thu,-.  .  ,^^    .    ,^:i  i-  ftith  respect  to  the 

warfl 

"'''''  ■     n'  ^.' 

fill'  '.   s 

6].-  ,--   ■  -T-^  (82), 

_    -    'i'AiLi  to  the  difference  in  level 
_,j.         ::e   piezometer  tubes   plus   the 

-.:!:y.ds.     If  the  pipe  be  of  the 

,  ^v.^'its.  the  velocities  Vi  and  v^  are 

.  r  _.:iL^TTn,  and  the  lost  head  is  simply 

t  ,  -:i,'H,  (82), 

■ 

-a*Jit^  ^^^  hence  furnish  a  very  con- 

^         x*.eTttiintng  the  head  lost  in  friction 

.  .-.i  -iit.     For  a  pipe  of  varying  section 

.,,     _,  :nust  also  be  known,  in  order  to 

^^;^  /t  x'st  head. 

.'iiiun  water  meter  placed  m  a  pipe  of 

.  ?*-io.'iiont  had  an  area  of  7,047  square 

vVii  the  discharge  was  54.02  cubic  feet 

^*,.,vu&-oi  lilt'  water  levels  in  the  piezometers 

^   \v  *tiv  (W'^'SS  and  9S.951  feet.     Compute 

v.'>*-^'i  ^^-^^  ^^'*^  sections. 


to 


\'.i!,ociTiEs  IS  A  Cross-Section 


^^^  \vi''ViU'  has  been  regarded  as  uniform 
j^^vx'^'i'-  '•'^  t^^L*  ^^^  ^^  pipe.     On  account 
-^      *  **  ^-i    iho   surface,   however,   the   velocity 

»    -^  ^^.^.  i>,  alwavs  smaller  than  that  near  the 

>*>  ^  ^.  ^'H'ss  svvli^m.  Tlicre  appears  to  be  no 
^•^  -  .;vNi  '*f  Ihuling  the  law  which  connects  the 
4^iwA^  ^^^^j^.^^j  ^^.jil^  ilji  distance  from  the  center  of 
•^sV*^         .  ^^  y\  U  jir<.>b:iblc  that  such  a  law  exists. 
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Tbe  mean  velocity  is  evidently  greater  than  the  velocity 
al  ilie  surface  and  less  tlian  tlie  velocity  at  the  middle, 
awl  if  the  position  of  a  filatnent  were  known  whose  ve- 
locity is  the  s^me  as  the  mean  velocity,  a  Pilot  tube 
[Aa.il)  with  its  lip  at  that  position  woultj  directly 
Pleasure  the  mean  velocity. 

Let  Fig.  83  be  a  longitudinal  section  of  a  pipe^  and 
let  AB  be  laid  ofE  to  represent  the  surface  velocity  v^  and 
CD  to  represent  the  central  velocity 


v^    Then    the     velocity    v    at     any 


-4--"' 


Fig.  83 


distance  y  from  the  axis  will  be  an 

abscissa    paraUel    to    the    axis    and 

^  limited    by    the    hnc    AC   and    the 

Bciirve  BL?.     Suppose   this  curve   to 

Hbe  a  parabola  whose  equation  is  y^—mx,  the  origin  being 

at  D  and  r  measured  toward  the  left.     When  y  is  equal 

to  the  radius  of  the  pipe  r,  the  value  oi  x  is  v^^v,  and 

hence  m-T^/iv^—v^).     The   velocity  v^  at  the   distance 

y  above  the  axis  is  v^  —  x,  and  accordingly 

^Tt  thus  is  seen  that  the  velocity  at  any  distance  from  the 
ax\s  cannot  be  foiuid  unless  the  surface  and  central  ve- 
locities are  kcown.  The  position  of  the  filament  having 
the  same  velocity  as  tlie  mean  velocity  v  can,  however, 
e  determined,  since  the  mean  velocity  is  the  mean  length 
f  tlie  solid  of  revolution  whose  section  is  shown  by  the 
broken  lines.  This  solid  consists  of  a  cylinJer  having 
the  volume  nrHj,  and  a  paraboloid  ha\-ing  the  volume 
i^(v^-vj.  and  tlie  sum  of  these  is  i^^tv^+v^).  Divid- 
ing this  by  the  area  of  the  cross-section  gives  J(^^.  +  ^,) 
as  the  value  of  the  mean  velocity,  and  inserting  this  for 
V,  in.  the  above  equation  there  is  found  3'=o,7ir  for  the 
ordinate  of  a  filament  whose  velocity  is  the  same  as  mean 
velocity  i'-  If  the  parabolic  curve  gives  the  true  law  of 
variation  of  velocity,  a  Pitot  tube  with  its  tip  placed 


\9S 


T\. 


ference  of  the  cuvr. 
datum  plane,  and 

A' 


or 


/;' 


that  is.  the  Ifv: 
of  the  wattT     - 
(JifTerencc   nf   ■' 
same  size  jit  i ' 
equal  whuti  i ' 


Pie  W)  motors: 
vt'Tiient  iTii't  = 
in  a  ]>ii^c'  I "' 
the  VfK-i'r 
use  (S2i,  i 

Prcil..  * 

ii\"t  al  t' 

at  .\  !i'- 
the  W 
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,^'ir=  the  mean 

-    .  iliments  were 

:  :ube  *     They 

—    -.1  also   from   a 

-   fmcxjtli   nozzles 

_.    .:-  a  distance  of 

,-■'   decreased,    and 

:-r  cenlral  velocity 

rl-x-ities  decreased 

-    -^^'iJly    toward    the 

.:-   r_.:zzle   lies   outside 

7!  'jiimbolic  curve  rep- 

.  -   :r  jets   from   stand- 
■riT^.i     He  found  the 

-Jer  than  others  within 
>-A  igh  the  following 
"vr:ii:al  circular  and  a 

:^,i,i  on  the  center. 


;.?4 


—  0.6      — o.S 
0.73       0.86 


0,71 


o.Sa 


Ti- 

<»Yfr 

of  i: 

^ 

aL^]^ 

nih' 

Uk 

.    '-'**" 

V(  ■  ■ 

^ 

II 

^,^    '» 

^^^   ^^^ 

:^,e  orifice  and  he 
:  the  jet  at  a  dis- 
::j?  diameter, 

T  -^:  velocities  in 
.i:::erenlial  gage 
x^  ir,  dianietcr  he 
'.'.x  oemer  velocity 
.:   :?-:ach   pipe  he 
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:■  '.3nd  it  to  range  from  0,83  to  0.86.  His  velocity  curves 
&i:i>\v  that  the  surface  velocity  was  sixty  percent  or  more 
III   -,he  center  velocity. 

Williams,  H\jbbell,  and  Fenkell,  in  1899,  made  numer- 
'Aii  measurements  of  velocities  in  water  mains  with  the 
Piti')t  tube,  and  arrived  at  the  conclusions  that  the  ratio 
of  the  mean  velocity  to  the  central  velocity  was  about 
0.84,  and  that  the  surface  velocity  was  about  one-half 
the  central  velocity.*  These  ratios  agree  with  an  elKpse 
better  than  with  a  parabola.  Let  the  curve  BD  in  Fig. 
.%3  be  an  ellipse  having  the  semi-axes  ED  and  BE,  the 
ellipse  being  tangent  to  the  pipe  surface  at  B.  As  before 
let  AB  represent  the  surface  velocity  ^',  and  CD  the  central 
velocity  v/,  then  ED  is  v^—v,  and  BE  is  the  radius  r. 
The  equation  of  the  elhpse  with  respect  to  E  as  an  origin  is 

in  which  x  is  measured  toward  the  right  and  y  upward. 
The  velocity  Vy  at  any  distance  y  from  the  axis  CD  is 
V9-\-x,  and  accordingly 

v.-v.^iv^-v.WV^yy'r^  (83), 

Now  the  mean  velocity  is  the  mean  length  of  the  solid 
of  revolution  formed  by  the  cylinder  whose  volume  is 
rrrV*  and  the  semi-ellipsoid  whose  volume  is  3?rr'(xr^  — ^,). 
The  volume  of  the  solid  is  hence  nr^{iv^-\^\v,)  and  the 
mean  velocity  is  Jn^  +  S^a.  Inserting  this  for  Vy  in  (83), 
there  is  found  3'=o.?sr  for  the  position  of  the  filament 
having  the  same  velocity  as  the  mean  velocity,  while 
the  parabola  gave  y  =  o.-ji.T.  If  r,  be  one-half  of  v^.  the 
mean  velocity  under  the  elliptic  law  is  \i\-\-\v,=o.%yv^ 
while  under  the  parabolic  law  it  is  ^v^-\-\i\''0.'j$v^. 

Much  irregularity  is  observed  in  velocity  curves  plotttxl 
irom   actual   measurements,  this  being  due   to   pulsations 

•  Transactions  Americsn  Society  Civii  Engineers,  1902,  vol.  47,  p.  &j. 
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in  the  water  and  to  errora  of  Dbaervaticms.  The  above 
esperiments  were  on  pipes  having  diameters  of  u,  j6, 
30,  ard  43  inches  and  under  velocities  ranging  from  0.5 
to  7-5  fact  per  second;  and  they  are  a  very  %'aluable  addi- 
tion to  the  knowledge  of  this  subjeL-t.  The  conclu&itjii 
that  r,  is  one-half  of  v^  is,  however,  one  that  appears  to 
be  liable  to  some  doubt-  The  corrcluaion  that  the  mean 
velocity  V  is  about  0.8411^  appears  well  established,  and.  a 
Pitot  tube  with  its  tip  at  the  center  of  the  pipe  will  hence 
determine  a  fair  value  of  the  mean  velocity,  several  read- 
ings being  taken  in  order  to  eliminate  errors  of  observation. 

pTob,  83.  Let  v,  =  3   and  tv  =  6  feel   per  second.     Plot  the 
parabola  from  (S3i,  and  the  ellipse  from  tS3)^ 


Art.  84,     Computations  in  Metric  Measures 

Nearly  all  the  formulas  of  the  chapter  are  rational 

and  may  be  used  in  all  systems  of  measures.  In  the 
metric  system  lengths  are  to  be  taken  in  meters,  areas  in 
square  meters,  velocities  in  meterti  per  second,  discharges 
in  cubic  meters  per  second,  and  using  for  the  acceleration 
constants  the  values  given  in  Table  12. 

(Art,  81))  The  coefficients  of  discharge  and  velocity 
for  smooth  fire  noKzles  2.0,  2.5,  ^.o,  and  5  5  centimctere 
in  diameter  are  0,983,  0,97^,  ci,973<  and  0.959  respectively. 
In  using  the  formula  (S<J),  the  values  of  d  and  h,  should 
be  taken  in  meters,  but  in  finding  the  ratio  D/d  tlie  values 
of  D  and  d  may  be  in  centimeters  or  any  other  convenient 
unit.  The  constant  ^  being  9. So  metera  per  second,  the 
discharge  q  will  be  in  cubic  meters  per  second,  Wlien  it  is 
desired  to  use  the  gage  reading  /*,  in  kilograms  per  square 
centimeter  and  to  lake  D  in  centimetera,  the  formula 


'5.5.6..0'>Q^ 


'may  be  used  for  finding  Ihe  discharge  in  liters  per  miriute- 
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Prob.  84a.  Compute  the  loss  of  head  which  occurs  when  a 
pipe,  discharging  1S.5  cubic  meters  per  second,  suddenly  en- 
larges in  section  from  30  to  40  centimeters, 

Prob.  846,  Find  the  coefficient  of  discharge  for  a  tube  8 
centimeters  in  diameter  when  the  flow  under  a  head  of  4  meters 
is  18,37  cubic  meters  in  5  minutes  and  15  seconds. 

Prob.  84^,  Compute  the  discharge  from  a  smooth  nozzle 
^.5  centimeters  in  diameter,  attached  to  a  hose  7,5  centimeters 
in  diameter,  when  the  pressure  at  the  entrance  is  5,1  kilograms 
per  square  centimeter. 

Prob.  S4d,  For  a  pipe  o£  uniform  diameter  the  piezometer 
heights  in  two  tubes  at  joints  one  kilometer  apart  are  693.143 
meters  above  sea  level  when  there  is  no  flow.  If  the  loss  in 
friction  during  the  flow  is  0.03a  meters  per  linear  meter  of  pipe, 
and  the  upper  piesometer  level  stands  at  the  elevation  650-043 
meters,  what  should  be  the  elevation  of  the  tower  piezometer 
level? 


201  Flow  tebough  Pipes  Chat,  vu,  . 


CHAPTER  VIII 

FLOW   OF   WATER   THROUGH   PIPES 

Art.  85-     Fundamental  Ideas 

Pipes  made  of  clay  were  used  in  very  early  times  fcn>r 
conveying  water.     Pliny  says  that   they  were   two  digi  ^:s 
(0.7J  inches)  in  thickness,  that  the  joints  were  filled  wifcr^h 
lime  macerated  in  oil,  and  that  a  slope  "of  at  least  on.  ^- 
fourth  of  an  inch  in  a  hundred  feet  was  necessary  in  ord  ^r 
to  insure  the  free  flow  of  water.*     The  Romans  also  U5^^<^ 
lead   pipes   for   conveying  water   from   their  aqueducts  ^t-O 
small  reservoirs  and  from  the  latter  to  their  houses.     Fro-^r^- 
tinus  gives  a  list  of  twenty-ftve  standard  sizes  of  pipes^  »  "t 
varying   in   diameter   from   0,9   to   9   inches,   which    we-"«~^ 
made  by  curving  a  sheet  of  lead  about  ten  feet  long  a^^"*-  ^ 
soldering  the  longitudinal   joint.     The   Romans  had   co"^'^' 
fused  ideas  of  the  laws  of  flow  in  pipes,  their  method      ^=^^ 
water  measurement  being  by  the  area  of  cross-section,  wi-*=^h 
little  attention  to  the  head  or  pressure.     They  knew  thi^^^ 
the  areas  of  circles  varied  as  the  squares  of  the  diamete-J^ — s, 
and  their   unit   of  water   measurement   was  the   quinary.    ^, 
this  being  a  pipe  i\  digits  in  diameter;   then  the  denai — ^^1 
pipe,  which  had  a  diameter  of  2i  digits,  was  suppo&t^^d 
to  deliver  4  quinarias  of  %vatcr. 

In  modem   times  lead   pipes  have  also  been   used    i^^^' 
house  service,  but  thc^e  have  now  been  largely  supersed*^^^ 
by  iron  ones.     For  the  niains  of  city  water  supplies  cae^  ^- 
iron  pipes  are  most  common,  and  since  1S90  steel-rivet^^ 


•  Natural  History,  hook  31,  chapter  31,  line  5. 

fHerschel,  Water  Supply  of  ll»  City  of  Rome  CBo^lon.  1899).  P    i^- 
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pipes  have  come  mto  use  for  large  siies,  Lsp-welded 
WTOUght-iron  ur  steel  pipes  are  useil  in  si^»nie  cases  wliere 
the  pressure  is  very  high,  and  large  wooden  slave  pipes 
^re  in  use  in  the  western  part  of  the  United  States. 

The  simplest  case  of  the  flow  of  water  through  a  pipe 
is  that  where  the  diameter  of  the  pipe  is  constant  ami 
the  discharge  occurs  entirely  at  Ihe  open  end.  This  case 
will  be  discussed  in  Arts.  86-95,  and  afterwards  will  be 
considered  the  cases  of  j>ipes  of  varying  diameter,  a 
pipe  with  a  nozzle  at  the  end,  and  pipes  with  branches. 
Most  of  the  principles  governing  the  simple  case  apply 
with  slight  raoJification  to  the  more  complex  ones.  Pipes 
used  in  engineering  practice  range  in  diameter  from  i  inch 
up  to  6  feet- 

The  phenomena  of  flow  for  this  common  case  are 
apparently  simple.  The  water  from  the  reservoir,  as 
it  enters  the  pipe,  meets  with  mare  or  less  resistance  de- 
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pending  upon  the  manner  of  connecting,  as  in  tubes  fArt, 
78).  Resistances  of  friction  and  cohesion  must  then  he 
overcome  along  the  interior  surfaeoj  so  that  the  discharge 
^nt  the  end  is  much  smaller  than  in  the  tube  (Art.  81), 
When  the  flow  becomes  steady,  the  pipe  is  entirely 
filled  throughout  its  length;  and  hence  the  mean  velocity 
ot  any  section  is  the  same  as  that  at  the  end,  since  the 
ftxe  is  uniform.  This  velocity  is  found  to  decrease  as 
the  length  of  the  pipe  increases,  other  things  being  equal, 
and  becomes  very  small  for  great  lengths,  wlucli  shows 
t^at  nearly  all  the  head  has  been  lost  in  overcomjng  the 
y^sistances.     The  length  of  the  pipe  is  measured  along 
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iU  axis,  following  fill  the  cur^'es,  if  there  be  any.  The 
vcl*x^iiy  considered  is  the  mean  velocity,  which  is  equal 
Ic  the  iiischurge  divided  by  the  area  of  the  cross-section 
oi  the  pipe.  The  actual  velocities  in  the  cross-scciion 
mx  ^trater  than  this  mean  near  the  center  and  less  than 
it  near  the  interior  surface  of  the  pipe,  the  law  of  distribu- 
tion being  that  explained  in  Art,  83. 

The  object  of  the  discussion  of  flow  in  pipes  is  to  enable 
the  discharge  which  will  occur  under  given  conditions 
lo  be  determined,  or  to  ascertain  the  proper  size  which 
a  pifie  should  have  in  order  to  deliver  a  given  discharge, 
Thu  subject  cannot,  however,  be  developed  with  the 
^elinitt^ness  which  characterizes  the  flow  from  orifices 
and  weirs,  partly  because  the  condition  of  the  interior 
iin-face  of  the  pipe  greatly  modifies  the  discharge,  partly 
bwause  oE  the  lack  of  experimental  data,  and  partly  on 
HC count  of  defective  theoretical  knowledge  regarding 
the  Irtws  of  flow.  In  orifices  and  weirs  errors  of  two 
i\r  three  j»ercent  may  be  regarded  as  large  with  careful 
worki  in  pipes  such  errors  are  common,  and  are  generally 
t*xc»i1^  in  most  practical  investigations.  It  fortunately 
happens,  however,  that  in  most  cases  of  the  design  of 
ivstcms  of  pipes  errors  of  five  and  ten  percent  are  not 
im^Hirlatit.  although  they  are  of  course  to  be  avoided 
if  pi^asiblo,  or.  if  not  avoided,  they  should  occur  on  the 
HitK'  of  sHfely. 

Tlie  heatl  which  causes  the  flow  is  the  difference  in 
level  from  the  surface  of  the  water  in  the  reser\'oir  to 
i\\o  center  of  the  end.  when  the  discharge  occurs  freely 
inl'^  the  uir  jis  in  Fig.  S5ti.  If  h  be  this  head^  and  U"  the 
wei^-ht  of  water  discharged  per  second,  the  theoretic 
pctrnlUI  enerffv  per  second  is  \Vh:  and  if  tj  be  the  actual 
im^iii  vrUx^iiy  of  discharge  the  kinetic  energy  of  the  dis- 
chartn*  i*  iri'/jg.  The  differeiK*  belw^een  these  is 
lht>  vuvf^o"  which  tuks  been  tnasfomied  into  heat  in  over- 
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cotmag  the  resistances.  Tlius  the  total  head  is  /',  the 
vdocity-head  of  the  outflowing  streitm  is  v''/2^,  and  the 
kisX  head  is  h—v'/ig.  If  the  lower  end  of  the  pipe  Is 
subnw^rged,  as  in  Fig.  S5t,  the  lieari  h  is  the  diflerenct; 
in  elevaticffi  between  the  two  water  levels. 


uniform 


k' 


(85), 


The  total  loss  of  head   in   a.   straight  pipe 

size   consists  of  two   parts,   as   in   a  long  tube   (Art,   SI), 

First,  there  is  a  loss  of  head  h'  due  to  entrance,  which  is 

The   sanne   as   in    a   short   cylindrical   tube,    and   secondly 

theiB  is  a  loss  oi  head  h"  due  to  the  frictional  resistance 

of    the    interior   surface.     The   loss   of   head    at   entrance 

is  always  less  than  the  velocity-head  and  in  this  chapter 

it  will  be  expressed  by  the  formula 

r" 
m — 

in  which  m  is  0,93  for  the  inward  projecting  pipe,  o  49 
for  the  standard  end,  and  o  for  a  perfect  mouthpiece, 
as  shown  in  Art,  81.  When  the  condition  of  the  <?nd 
is  not  specified,  the  value  used  for  m  will  be  0.5.  which 
Euppo^es  thai  the  arrangement  is  like  the  standard  tube, 
or  nearlv  so.  For  short  pipes,  however,  it  may  be  necessary 
to  consider  the  particular  condition  of  the  end,  and  then 
fK  is  to  be  computed  from 

w-(i/^,)'-r  CS5), 

in  which  the  coefficient  c^  is  to  be  selected  from  the  e\'i- 
dence  presented  in  the  last  chapter, 

W  It  should  be  noted  that  the  loss  of  head  at  entranL'e 
is  very  small  for  long  pipes.  For  example,  it  ts  proved 
by  actual  gagings  that  a  clean  cast-iron  pipe  10  000  feet 
long  and  1  foot  in  diameter  discharges  about  4^  cubic 
feel  per  second  under  a  head  of  100  feet.  The  mean  velocity 
then  is.  if  ?  be  the  discharge  and  a  the  area  of  the  cross- 
sectiotX, 

v  =  -— — f-^— =  5^41  feet  per  second, 


a 
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and  the  probable  loss  o£  head  at  entrance  hence  \a 

A'=o.5Xo,oiS55>C5.4i'^o.23  feet, 

or  only  one'fourth  of  ont  percent  of  the  total  head.  In' 
this  case  the  effective  velocity-head  of  ihe  issuing  stream 
is  only  0.45  feet,  which  shows  that  the  total  loss  of  head| 
h  99-55  ^^^^-  °^  which  99^33  feet  are  lost  in  friction. 

Prob.  85,  Under  a  head  of  ao  feet  a  pipe  1  Inch  in  diameUf 
and  IOC  feet  long  discharges  15  gallons  per  Tninut<-  Compute 
the  loss  of  head  at  enlrance. 


Art,  86.     Loss  or  Hhad  in  Friction 

The  loss  of  head  due  to  th^  resisting  friction  of  the| 
interior  surface  of  a  pipe  is  usually  large,  and  in  long  pipes 
it  becomtra  very  great,  so  that  the  discharge  is  only  a 
small  percentage  of  that  due  to  the  head.  Let  h  be  the 
total  head  on  the  end  of  the  pipe  where  the  discharge 
occurs,  If'/ 2^  the  velocity-head  of  the  issuing  stream, 
h'  the  head  lost  at  entrance  and  h^'  the  head  lost  in  friction. 
Then  if  the  pipe  be  straight  and  of  uniform  size,  so  that, 
no  other  losses  occur, 

Inserting  for  the  entrance-head  k'  its  value  from  Art.  Ssj 
this  equation  becomes 

which  is  a  fundamental  formula  for  the  discussion  of  flovrj 
in  straight  pipes  of  \iniiomi  size. 

The   head   lost   in   friction   may   be   determined   for 
particular    case   by  measuring    the    head  h,   the    area 
of  the  cross-section  of  the  pipe,  and  the  discharge   per' 
second  q.     Then  q  divided  by  a  gives  the  mean  velocit'i 
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.  and  frtim  the  above  equation,  inserting  for  aj  its  value 
iroza  (§&),,  there  is  found 


rhich 


to 


serves  to  compute  h".  the  value  of  c^  being  first 
selected  aecordirg  to  the  condition  of  the  end.  Tliis 
method  ia  not  a  good  one  for  short  pipes  because  of  the 
uncertainty    regarding    the    coefficient    c.    (Art.  81),    but 

Er  long  pipes  it  gi\'es  precise  results. 
Another  method,  and  the  one  most  generally  employed, 
"by  the  use  of  piezometers  (Art,  S3],  A  portion  of  the 
pe  being  selected  which  is  free  from  sharp  curves,  two 
jncioineter  tubes  are  inserted  into  which  the  water  rises, 
*jr  the  pressure -he  ads  are  measured  by  gages  (Art.  36). 
The  difference  of  level  of  the  waiter  surfacis  in  the  piesotn- 
etcT  tubes  is  then  the  head  lost  in  the  pipe  between  them 
^BtArt.  S2),  and  this  loss  is  caused  by  friction  alone  if  the 
^pipc  be  straight  and  of  uniform  size. 

By  these  methods  many  observations  have  been  made 
upon  pipes  of  different  sizes  and.  lengths  under  different 
velocities  of  flow,  and  the  discussion  of  these  has  enabled 
Ihe  approximate  laws  to  be  deduced  which  govern  the 
toss   of  head   in   friction,   and   tables   to   be   prepared   for 

tical  use.     These  laws  arc : 

1.  The  loss  of  head  in  friction  is  proportional  to  the  length 

of  the  pipe, 
a.  It  increases  with  ih<j  roughnesses  of  the  interior  ™ri"ace- 
j_   It  decrt'cLiJes  liS  the  diameter  of  the  pipe  increased, 
4..   It  increases  nearly  as  the  square  of  the  velocity. 
5.   It  is  independent  of  the  pressure  oi  the  water. 

These  five  laws  may  be  expressed  by  the  formula 


'd  3g 


(86) 
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and  the  probable  loss  of  '.  .,?.  i  its  diameter-^ 

.^  IS  the  velocity-— I^a-^ 
or  only  one-fourth  of  ■ 

this  case  the  effectu'e  ,   ,  '  «-    x^,-.  -^ 

- -^fj  by  reasonings    t>^ 

IS  only  0.4s  feet,  \shi<"  ,  h  j  *l     t       ,— 

'    ^^      .  \-  .  .     -^  oeen  called  the  losss 

Js  oo-ss  feet,  of  whic  ■■  -  ^.  _.■  1   ^ 

yy  ^^        '  ^         :-.>*iict  of  the  particJes     ^ 

Prob.  85-  Undtr  ri  ^.  s^i  represents  a  pipe  a^'* 

and  100  feet  long  di'--'  'nighness     of     its     surf^^*'^ 

the  loss  of  head  at         ^^  .-...:aou:ily  exaggerated  and    i^ 

-^    t.i:v'tiy  shows  the  disturban*^  ^ 

Art.  >^i-- -^  '-.itctHiy  caused.     As  any  P^^*^^- 

-.vater  strikes   a   protuberat^    ^ 
The  loss  ■  '  ■  :    the    surface,    it    is   deflect^  ^ 

interior  surf:i'  j.j.i^,    and   then    other  partic*  ^^ 

it  becomes  t  ^^^.^  -t  also  undergo  a  diminuti^^^ 

small  perceni  ^  u^  ^*ase   of   impact   the   resistJ^ii^ 

total   head  *'••  ^^^i   a^uare   unit   of   the  surface   ^^ 

occurs,  v-j  ^  _  ^^^  with  the  square  of  the  velocit)^ 
h'  the  heati  '"  ''^  ^  .x^ial  resisting  friction  for  a  pipe 
Then  if  tl-  '  "^  ^^^^er  i  is  then  ttiJ/F,  and  the  work 
no  other  i*.-  *  ^  .-^-^^  Let  11'  be  the  weight  of  water 
,y,.virti,  then  Wh"  is  also  the  energy 
--"  _  ^  ^xi.  '("— uig,  if  u/  be  the  weight  of 
Insertir-  *  "  **^^  ^^-  'J  ^^^  discharge  per  second, 
this  en-  "  ■   >    ^  ^-'^'v.      Then,    equating   the    two 

.^    .^   .'iK'rg>%  and  replacing  F  by  Cw» 


«^*^       ^-1:^'-^^ 


■^  ^t^>  Auh   the  roughness  of  the  surface 
\.   ^.Vt'*v."<a».'ii   is   the  same   in   form   as    (86) 
f  *^        .,^   ,v  ^^v  laws  I'f  experience. 

^    .      '\n-.'i:  Wvn  found  by  experiments, 
■^^  "^        ■.vi-;iisi"v^.:   aK'v>\'i'.   values   of   the   quantity 
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^   computed.     In  this  way  it  has  been  found  that 

,      rtcs  ^^*'  "^^  ^?      ^*^^  roughness  of  tlie  mtenor  surface 

Lihc  T'P^'  ^""^  '^''^*'  ^^5  diameter,  and  with  the  ve^ 

iity  0*    *^^'        ^^"^   ^'^'^  discussions  of   Fanning.  Smith, 

Za  other*"  llie  riean  values  of  /  given  in  Table  33  have 

^,^^cOTnP^^-.'''^^^"^^re  apphcable  to  dean  cast-iron  and 

-.rmicbt-i*^"  P^^^'  Either  smooth  or  coated  with  coal-Ur, 

-pVie  qija^^^^>'  ? /^^y  be  called  the  friction  factor,  and 

^fiblc  slic*  that  its  value  ranges  fn^m  0-05  to  o.oi 

'^  new  cleao  «f>n   pip^^     ^  ^^^^^-^   ^,g^  ^,3]^,^^   ^f^^ 

used  in  appro'^^"^^^^  computations,  is 

friction  factor  /=o.o2 

I,  IS  seen  that  the  tabular  values  of  /  decrease  both  when 

the  diam^^^  ^^^  when  the  velocity  increases,   and  that 

lliev  '^^^  ^^^  fapidly  for  small  pipes  and  low  velocities. 

The  probable  error  of  a  tabular  value  of  /  is  about  one 

■|  ]fy  the  third  decimal  place,  which  is  equivalent  to 

uncertainty  of  ten  percent  when  /=o.oii,  and  to  five 

-^_^t  when  /-0.O7I.     The  effect  of  this  is  to  render 

iomputc*^  values  of  h"  liable  to  the  same  uncertainties; 

kni   the  elTecl   upon   ccmipuled    velocities  and   discharges 

imuch  less,  as  will  be  seen  in  Art,  89, 

'^o  determine,    therefore,   the   probable   loss  of  head 

'     frictif*"-  t^^  velocity  v  must  be  known,  and  /  is  taken 

j^    Table   3.1    for   the    given    diameter   of    pipes.     The 

ula  ^'^G^  then  gives  the  probable  loss  of  head  in  friction. 

f  example,  let  /-  10000  feet,  d~  i  foot,  t/-s-4I  feet  pei 

od.     Then,  from  Table  33  the  factor  /  is  o.oai,  and 

h'ch  >-**  ^^  ^  regarded  as  an   approximate  value,  liable 
*  In  ujiccrt^ty  of  five  percent. 

From  Table  33  and  formula  (86)  the  losses  of  head 
jyiction  for  100  f^^t  of  clean    cast-iron  pipe  have  been 


212  Flow  through  Pipes  chap.  vin. 

computed  for  different  values  of  d  and  /  and  are  given 
in  Table  35,  from  which  approximate  computations  may 
be   rapidly   made.     Thus,   for   the   above   data,   by   inter- 
polation  in   Table   35,   there   is   found   0.952   feet  for  ttie 
loss  in   iDo  feet  of  pipe,  and  then  for  10  000  feet  the  loss 
of  head  is  95.2  feet. 

Prob.  86.  Determine  the  actual  loss  of  head  in  friction  fronn 
the  following  CKperiment:  l^^o  feet,  ^-"8,33  feet,  d=o.o3j& 
feet,  <7  =  o,03aa4  cubic  feet  per  second,  and  c  =  o,8.  Compute 
the  probable  loss  for  the  same  data  from  formula  (86)  and  ahc^ 
from  Table  35. 

Art.  87.     Loss  of  Head  in  Curvature 

Thus  far  the  pipe  has  been  regarded  as  straight^  so 
that  no  losses  of  head  occur  except  at  entrance  and  in 
friction.  But  when  the  pipe  is  laid  on  a  curve  the  water 
suffers  a  change  in  direction  whereby  an  increase  of  pressure 
is  produced   in   the  direction   of  the  radius  of  the  curve  ' 

and   away  from   its  center   (Art.  147).      This   increase  in  ^ 

pressure  causes  eddying  motions  of  the  water,  from  which  ' 

impact  results  and  energy  is  transformed  into  heat.     The  * 

total  loss  of  head  h'"  due  to  any  curve  evidently  increases  ^ 
with  its  length,  and  should  be  greater  for  a  small  pipe  ^ 
than  for  a  large  one.  Hence  the  loss  of  head  due  to  the  ^^ 
curvature  of  a  pipe  may  be  written 

^'■'-fQT,  "        (87),  ,«, 

in  which  /  is  the  length  of  the  curve,  d  the  diameter  dE^^^ 
the  pipe,  v  the  mean  velocity  of  flow,  and  /j  is  an  abstract:^.^i?t 
number  called  the  curve   factor,   that  depends  upon  thf^^^Moe 
ratio  of  the  radius  of  the  curve  to  the  diameter  of  the  pq)^^  ii. 
Let  R  be  the  radius  of  the  circle  in  which  the  center  line  i^zzm/ 
the  pipe  is  laid.     Then,  if  R  is  infinity,  the  pipe  is  stTai^^:^f 
and    /, ^o;   but  as  the  ratio  R/d  decreases  the  vilue 
/,  increases. 
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There  are  few  experiments  from  which  to  detennme 
the  viilues  of  /^.  U'cisbitch,  about  1850,  from  a  discussion 
of  his  own  experiments  and  those  of  Castel,  deduced  a 
fooTTTjla  for  the  value  of  jj/d  for  curves  of  one-fourth 
of  a  circle,*  and  from  this  the  following  values  of  the  cur\'e 
factco-  /^  have  been  computed: 

lor  R/d^   30  10  5  3  3  1.5        1,0 

/,— O-O04    Q.008    o.oiti    0.030    0.047    0.072    0,184 

values  of  /^  are  applicable  only  to  small  smooth 
pipes  where  the  entire  curve  is  without  joints^  since 
of  the  pipes  on  which  the  experiments  were  made 
Vere   probably  of  this  kind. 

Freeman,   in   18S9,   made  measurements  of  the  loss  of 

lead  in  fire  hose   2,^9  and   ;,64   inches  in  diameter,  and 

ihe  curves  were  complete  circles  of  2,  3,  and  4  feel  radius, t 

From  the  results  given  for  the  smaller  hose  the  following 

lues  of  the  curve  factor  f^  have  been  found: 

for  R/d-   19,3         14.4         9.6 
/,  =0,0033     0.0034    0.0048 

while  for  the  larger  hose  the  values  are 

foT7?/d-    i6.3         13,6         8,T 
f^  =0.0036     0,0046     0.0045 

values  are  in  fair  agreement  with  those  given  above 
>r  the  small  iron  pipes. 

WilHams,  Hubbtll,   and    Fenkell,    in    7898   and    iSpg, 
made    measurements  in  Detroit  on  cast^^on  water  mains 
i\-ing  curves  of  90   degrees.       From  their  results  for  a 
-inch  pipe  the  values  of  the  curve  factor  /,  have  been 

•  Dfc  Experimental  Hydraulili  (FTtibcrg,  TftSi]^  p.  159.    MeehaMca  of 

EM^tttfii^^  (New  Vmk,  1^170),  vol    1,  p.  figW 

tTnn^ulJoii^  Amerkui  Sodeiy  Civil  EaBinc^rip   19^9,  voL^i,  p.  jfi^- 
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-■   .5  follows: 

6  4  2.4 

."  :^~      0.060      0.062       0.072 

.  : --inch  pipe  the  values  are 

;  2  I 

:  :•">      0.06      0.20 

->.     .-.r"/."\xi  from  the  larger  pipe  are 

<  ^^'Ti  that  they  arc  much  greater 

„-,'■.   ir^.'^in  Wcisbach's  investigations 

..,->.'   some   of   ihis   increase   is   due 

..:  the  cur\-es  had  rougher  surfaces 

-    ^'-rv    nearer   together   than    on    the 

"'-j^    experiments*  were  mack  with 

T.   ■■'^j.nner  explained  in   Arts.   41   and 

..    :>.e   law  of  distribution  of  the   ve- 

>  ,<tv:ion  is  quite   different   from    that 

'f  :r-.Lximiim  velocity  being  not  at  the 

*v-  .vr.ter  and  the  outside  of  the  cur^e. 

'-  ,/..;t-s  ('►f  /\  are  few  in  number  they 

.  ^      r  roughly  estimating  the  loss  of 

,v.      l^'r  example,   let   there  he   two 

,v:  r.idius  in  a  pi[>e  2  feet  in  diameter^ 

',:.'., Irani  i>f  a  circle.     The  ratios  R  J 

■■.'  \.iUu's  of  /,,  taken  from  those  do- 

V  \i:i:c   Detroit  pipe^  are  0.044   nnd 

.f  *V.c  i^'urves  arc  .^7.7  and  25.1   feet, 

.,,.^^'-:'''--o.S3^ 
.  oi  :  -0.66 — 


V  -vv  i^  .<vciv  ot   Oivil    Knginwts,  1902,  vol.  47,    pp. 
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are  the  losses  of  head  for  the  two  cases.     Here  it  is  seen 
Ihat  ilie  easier  curve  gives  the  greater  loss  of  head-     By 
Ihe  use  of   the  VLilues  of  /,  fleduced   from  Weisbaeh's  in- 
vestigation, the  loss  of  head  is  much  smaller  and  the  sharper 
ojn^  gives  the  greater  loss  of  heiid,  since  the  coefTidenla 
of  the  velocity-head  are  found  to  lie  0,13  and  0.14  instead 
of  o,Sj  and  0,66,     The  subject  of  losses  in  curves  is,  indeed, 
fa  an  uncertain   state,   since   sufficient   experiments   have 
not  been  made  cither  to  definitely  establish  the  validity 
of  fS7),  or  to  determine  authoritative  values  of  the  curve 
faclDT  f,.     Probably  it  will  be  found  that  /,  varies  with 
^  diameter  d  as  well  as  with  the  ratio  R/d. 

When  there  are  several  curves  in  a  pipe  line  the  value 
f^il/d)   for  each  eurve  is   to  be   found  and   then   these 
to  be  added  in   order  to  find   the  total  loss  of  head. 
Thus,  in  general,  there  may  be  written, 


i  2g 


(S7), 


the  total  loss  of  head,  in  which  "f^  represents  the  sum 
jthe  values  of  l,{t/d)  for  all  the  curves, 

e  lost  head  due  to  curvature  in  a  pipe  line  is  usually 
compared  with  that  lost  in  friction,  since  the  number 
curves  is  always  made  as  small   as  possible.     For  ex- 
ample,  lake  a  pipe   1000  feet  long  and  3  inches  in  diameter, 
which  has  ten  curves,  five  being  of  go  degrees  and  6  inches 
ius  and  five  being  of  57-3  degrees  and   5   feet  radius, 
rom   ^S6),  using  a.oi    for   the  mean   friction  f^tctor,   the 
of  head  in  friction  is  Sot'Vag.     I-'rom  ^87),,  using  the 
factors  deduced  fium  Weiabach,  the  loss  of  head  for 
five  sharp  cur\TS  is  o.j^v^/sg,  and  that  for  the  five  easy 
rvesis  0.4^^/3^, 

Prob,  S7a-  Compute  tbe  values  in  the  last  sentence. 

Proh.    STfe-  If  the  central  angle  of  a  curve   of  &J.5   inches 

IUS  is  sjq"  06',  what  is  ihe  length  of  the  curte?     If  a  hose. 


I    whit 

If" 
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i^iiMTter.  be  laid  on  this  curve,  compute  the  los^  in 
..  ,iirv»tiire  when  the  velocily^  in  the  h[>6e  is  30  (ect 
i  and  also  when  it  U  1  s  feet  per  s*cond- 


Art,  88.     Other  Losses  op  Head 

Thti£  far  the  cross-section  of  the  pipe  has  been  supposed 
l«>  b*j  c*jtislant,  so  that  no  losses  of  head  occur  excepit 
ut  ciit-Ttuioe  (Art,  85),  in  friction  (Art-  S6),  and  in  curvature 
(An,  CT),  But  if  the  pipe  contain  valves,  or  have  ol>- 
HCMiii^nis  in  its  cross-section,  or  be  of  different  diameters, 
oXhvT  losses  occur  which  are  now  to  be  considered. 

'Vhc  figuTTS  show  three  kinds  of  valves  for  regulating 
Uw  fltw  in  pipes:  A  being  a  valve  conwsting  of  a  vertical 
nhdin^j-gate,    B    a    cock- valve    formed    by    two    rotating 


m 


T^ 


■^saQ 
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■egments,  and  €  a  throttle-valve  or  circular  disk  which 
n>oves  like  a  damper  in  a  stovepipe.  The  loss  of  head 
d;ie  lo  these  may  be  very  large  when  they  are  sufticiently 
cV:i5chI  so  as  to  cause  a  sudden  change  in  velocity.  It 
m»y  be  expressed  by 

In  which  m  has  the  following  values,  as  determined  by 
Wvi»iliHoh  from  his  experimenls  on  pipes  of  small  diameter.* 
I'or  the  p/kie- valve  let  J*  be  the  vertical  distance  that 
Ihv  n^itc  is  lowered  below  the  top  of  the  pipe;  then 

lorif/J-o        *         i        I        i       I       I      J 

HI  -0»O     0,07      o.?6      o.Si      2.\      5.5      17      98 
*  M*\U4n|«*vf  RBtfpwfin,  voL  1.  Con's  moilfltion^  p,  90a. 
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For  the  cock-valve  let  8  be  the  angle  tlirough  which  il  is 
tumej,  as  shown  at  fi  in  Fig.  88;  then 


m  =  o 


40^   50^    SS" 


10"     io"     30' 
0,29     1.6     5^5      17     53      ioO 

In  bke  ntanaer,  for  tlie  throttle- valve  the  coefficients  are ; 


20t 


486 


10" 


JO" 


30°  40° 
3.5      II 


33 


60= 


65°     70- 

256     75° 


The  nuinbcr  m  hence  rapidly  increases  and  becomes  very 
great  when  the  valve  is  fully  closed,  but  as  the  velocity 
is  llien  aero  there  is  no  loss  of  head.  The  velocity  v  here, 
as  in  other  cases,  refers  to  that  in  the  main  part  of  the 
pipe,  and  not  to  that  in  the  contracted  section  formed 
by  the  yalve. 

Kuichling's  experiments*  on  a  gale-valve  for  a  ?4-inch 
pipe  give  values  of  hi  which  are  somewhat  greater  tlian 
those  deduced  by  Weisbach  from  pipes  less  than  2  inches 
in  diameter.  Considering  the  great  variation  in  size 
the  agreement  is,  however,  a  remarkable  one.     He  found 

ioTd'/d-i  A         i  I  i  ?! 

m=o.8       1.6       3.3        S.6       aa.7       4i,2 

his  computed  value  of  w  for  the   case  where  d'/d 
equals  I  is  75.6. 

An  accidental  obstruction  in  a  pipe  may  be  regarded 
causing  a  sudden  expansion  of  section,  and  the  loss 
bead  due  to  it  is,  by  Art,  74, 


a  is  the  area  of  the  section  of  the  pipe,  and  a'  that 
the     diminished    section.     Tliis    formula    shows    that 
■when  a'  is  one-half  of  a,  the  loss  of  head  is  ef^ual  to  the 
velocity- head,  aad  that  tn  rapidly  increases  as  u'  diminishes, 

■  'jyBf.rafriona  American  Sod^ly  Civit  EDpnfcrs^  1^99.  vol,  ?6.  p.  44^ 
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The  same  formula  gi^■es  the  loss  of  head  due  to  the  sudden 
cnlargemenl  of  a.  pipe  Ironi  the  area  a'  to  a. 

Air-valves  are  placed  at  high  points  on  a  pipe  line 
in  order  Xty  allow  the  escape  of  air  that  collects  there. 
Mud-valves  or  blow-offs  arc  placed  at  low  points  in  order 
to  dean  out  dejjosits  that  may  he  formed.  These  arc 
arranged  so  as  not  to  contract  the  section  and  the  losses 
of  head  caused  by  them  are  generally  very  smalL  When 
a  blow-off  pipe  is  opened  and  the  water  flows  through 
it  -w-ith  the  velocity  v^  the  loss  of  head  at  its  entrance, 
e\'en  when  the  edges  are  rounded,  is  as  high  as  or  higher 
than  0.56  t'*/i5,  according  to  the  experiments  of  Fletcher, 

In  the  following  pages  the  symbol  h""  will  be  used 
to  denote  the  sum  of  all  the  lasses  of  head  due  to  valves 
and  contractions  of  section.     Then 


1' 


m) 


in  which  tw,  will  denote  the  sum  o£  all  the  values  of  m 
due  to  these  causes.  In  case  no  mention  is  made  regard- 
ing these  scjurccs  of  loss  they  arc  supposed  not  to  exist, 
so  that  both  m,  and  h'"'  are  simply  zero, 

Prob,  9S.  Which  causes  the  greater  loss  in  a  J4-Lnch  pipe< 
A  gate  valve  one-h*H  closed,  or  five  50-degree  curves  of  16  feet 
r&dius? 

Art.  89.     Forhula  por  Mban  Vblocitv 

The  mean  velocity  in  a  pipe  cao  now  be  deduced  for 
the  condition  of  steady  flow.  The  total  head  being  h, 
and  the  effective  \'elocitY-hcad  of  the  issuing  stream 
being  fV'ff-  *^  ^^^  he^id  is  h— v'/j£,  and  this  must  be 
equal  to  the  sum  of  its  parts,  or 


A-^-Vh-A"+A'"+A"" 
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Substituting  in  this  the  values  d[  the  four  lost  heads, 
as  deterrnined  in  the  four  prtvixling  iirticlL-s,  it  becumes 


V 


I 


and  hy  solving  for  v  there  is  found 


tH —  -h/ J  —  +  tH,' — h  m, — 


v^^j- 


jg/i 


which  is  the  general  foimula  for  the  mean  velocity  m 
a  pipe  of  constant  cross-sortion. 

The  most  common  case  is  that  of  a  pipe  which  has 
no  curves,  or  cun'es  of  such  large  radius  that  their  influ- 
ence is  very  small,  jind  which  lia.K  no  piiriially  closed  valves 
or  other  obstructions.  For  this  case  both  m,  and  m, 
a;ie zero,  and.  taking  }n  as  0.5,  the  formula  becomes 


.,=^: 


2sk 


which  applies  to  the  great  majority  of  cases  in  engineering 
practice. 

In   this    formula    the    friction    factor  /  is  a    function 
of  1'  to  be  taken  from  Table  33.  and  hence   v  cannot  be 
directly  computedn  but  must  be  obtained  by  successive 
approximations.     For  cxamplen  let  it  be  required  to  com- 
pute Ihe  velocity  of  discharge  from  a  iiipe  3000  feet  long 
and  6  inches  in  diameter  tinder  a  head 'of  9  feet.     Here 
/c«3oao.  rf^o-s,  and  h^i)  feet,  and  taking  for  /  the  rough 
I      mean  value  0.02,  formula  (fiS),  gives 

b 

I     to  hi 


-11 


aX3»-'6X9 


2.2  feet  per  second- 


.S+o.03X3°o°Xa 
approximate   velocity   is  hence   j.j   feet   per   second, 
entering  the  table  with  this,  the  value  of  /  is  found 
0.036^     Then  the  formula  gives 


f 


^ 


aX33.i&X9 


1.5+0.026X3000X2 


1,93  feet  per  second. 
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This  is  to  be  regarded  as  ihe  probable  value  of  the  ve- 
locity, since  the  table  gives  /  =0.026  for  i' — 'i,g2.  In  this 
manner  by  one  or  two  trials  the  value  of  v  can  be  com* 
pjted  so  as  to  agree  with  the  correspondiDg  value  of  /. 

The  error  in  the  computetl  velocity  due  to  an  error 
of  one  unit  in  the  last  decimal  of  the  friction  factor  /  is 
iiltt'ays  relatively  less  than  the  error  in  /  itself.  For  in- 
slaneej  if  ;f  be  computed  for  the  above  example  with/ =0.025. 
which  is  four  percent  less  than  0,026,  its  value  is  found 
to  be  i,q6  feet  per  second,  or  two  percent  greater  than 
r.g2.  In  general  the  percentage  of  error  in  t  is  less  than 
one-half  of  that  in  f.  It  hence  appears  that  computed 
velocities  are  liable  to  probable  errors  ranging  from  one 
to  live  percent,  owing  to  imperfections  in  the  tabular 
values  of  f,  for  new  clean  pipes.  This  uncertainty  is  as 
a  ruk  still  further  increased  by  various  causes,  so  that 
five  percent  is  to  be  regar^ied  as  a  common  probable  error 
in  computations  of  velocity  and  dischai^  from  pipes. 

Velocities  greater  than  15  feet  per  second  are  very 
unusual  in  pipes,  and  but  little  is  known  as  to  the  values 
of  /  for  such  cases.  For  velocities  less  than  0.5  feet  per 
:ond,  the  values  of  /  are  also  not  IcnowiTi  (Art.  103). 
BO  that  only  a  rough  reliance  can  bo  placed  upon  com* 
putations.  The  usual  velocity  in  water  mains  is  less 
tlian  rtve  feet  per  second,  it  being  found  inadvisable  to 
allow  swifter  flow  on  account  of  the  great  loss  of  head 
in  friction. 

To  illustrate  t!ie  use  of  the  general  formula  (SOJ^  1^ 
the  pipe  in  the  above  example  be  supposed  to  have  forty 
90-depree  curves  of  6  inches  radius,  and  tc  contain  two 
^ate-valves  which  are  half  closed,  Tlien  from  Arts.  87 
and  >>S  there  are  found  m,  =  t  i  .6  for  the  curx'es  and  ni,  =  4.1 
for  the  gates.     The  mean  velocity  then  is 


"-^l.; 


3X.13.i6X9 


3  +  o,oa6X6ooo 


i-Sj  feet  per  second. 
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which  is  but  a  trifle  less  than  that  found  before.  With 
a  siinrttr  pipe,  however,  the  influence  of  the  curves  Jtnd 
gaies  b  retarding  the  flow  would  be  more  marked. 

The  head  required  to  produce  a  given  velocity  v  can 
ha  obtained  from  {StfJ,  or  t^-Oa-  Thus  from  the  general 
formula  ibe  required  head  is 

in  which  for  common  computations  m  — 0.5,  while  m^ 
and  w(,  are  neglected. 

Prob,  89a,  Compute  the  mean  velocities  for  the  above  ex- 
amples if  the  pipe  be  1000  feet  long-. 

Prob- S%,  Using  for  /  the  mean  value  0.03,  compute  the 
heaj  required  to  cause  a  velocity  of  10  feet  per  second  In  a  pip* 
15000  feet  long  and  1,5  feet  in  diameter. 


Art.  eo.     Computation  of  Dischargb 

The  discharge  per  second  from  a  pipe  of  ^iven  diameter 
is  found  by  multiplying  the  velocity  of  discharge  by  the 
area  of  the  cross-section  of  tlie  pipe,  or 

g-irJV-o.7854iPTf  (90) 

in  which  I-  is  to  be  found  by  the  method  of  the  last  article^ 

Ff>r  example,  let  it  be  required  to  find  the  discharge 
ia  gallons  per  minute  from  a  clean  pipe  3  inches  in  diameter 
and  T500  feet  long  imder  a  head  of  64  feet.  Here  ^—0.25, 
/  =  i5O0»and  Ji-64  feel.  Then  for  /  =  o.o3  the  velocity 
is  found  from  (89),  to  be  5.82  feet  per  second;  then  fnim 
Table  33  t3  found  /  =0.024  anJ  the  velocity  is  5.30  feet 
per  second.     The  discharge  in  cubic  feet  per  second  is 

^  =  0.7854  Xo.Js'X5.3<5=0'»6o 

which  is  equal  to  116,7  g^l^tf^s  per  minute.     This  is  the 
probable  result,  which  is  liable  to  the  same  uncertainty 


220 


.    ^ff*»_.ia  Pipes  chap-viu 


ipi^jg  r^  ■'ercent ;    so  that  strictly 

lf^[y^-  _     r       v.ten    ii6.7±3.6   gallons   per 

put  c     :  r  from  (89),  in  the  above 


XT- 


.«A  .:  ;he  head  required  to  produce 


'j.-^+fm)i 


.^, .  -—  .uore  convenient  for  precise  computa- 

,^.„j,.i:  expressions  for  v,  q,  and  h  previously 

■iu«  b^  computed  in  order  to  select 

^.^,        or   .ti.ipra\imate  computations,   how- 

^     «  ,jijeii  its  o.02>  they  may  advantageously 

Mt    ^M^iish  system  of  measures  h   and   d 

_^-4.     i    tvc   :^d  q  in  cubic  feet  per  second, 

^    t  '.ix's*,^  two  formulas  have  the  values 


_  _^,  ^T**\*s  Ehui  the  head  required  for  a  pipe  of 

^  ^.    ^-.K-*.  =!^.xvtlv  as  the  square  of  the  proposed 

's,*^    ■     I   hiMd  of  so  feet  delivers   8  cubic 

^^  '"^        ^j^     -*,**i:^h   11  certain   pipe,  a  head  of  about 

-^     ^  ^  ^\v»-ifv  iu  iTiltT  to  obtain  i6  cubic  feet 

_    i     ..*   ^ 

-^  ,-H^,'*iL\'  itu"  |"roJ)able  discharge  from  a  pipe  i 
^"^  -,^^**.  "*'■  '  ^■***'  '''**'*  ^"^"S  under  a  head  of  lo  feet. 

**  '  tar*  "^"vki  '^*'**^^  '*^  ivi|uircd  to  discharge  6  gallons  per 
*^'*^.         ^  ,   *.|v  *  I'H-li  ii'  diameter  and  looo  feet  long? 

*^  ^  ^"^.ui'uix^  tlu"  iimhahlc  discharge  from  a  pipe  4 
*^^    M**\yv'^   ^''^^  '*  ^''  ^''^'*  ^'^'^^  under  a  head  of  25,  when 


*>^ 


*.,itt2**v  V  I*'  \  ''>  i*f  4  ff't  radius. 
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Art.  91.     Computation'  of  Diameter 

It  is  an  important  practical  problem  to  determine 
the  diameter  of  a  pipe  to  discharge  a  given  quantity  o£ 
water  under  a  given  head  and  length-  The  last  equation 
abo^'e  serves  to  solve  this  case,  if  the  curve  and  ^'alve 
resistances  be  omitted,  as  all  the  quantities  in  it  except 
if  are  known.     This  equation  reduces  to  the  form 

and  for  the  English  system  of  measures  this  becomes 

rf  =  o.4789[(i'S*^'+'Wx]*  (91) 

which  is  the  formula  for  computing  d  when  h,  I,  and  d 
are  in  feet  and  g  is  in  cubic  feet  per  second.  The  value 
of  the  friction  factor  /  may  be  taken  as  0.03  in  the  first 
instance,  and  the  d  in  the  right-hand  member  being 
neglected,  an  approximate  value  of  the  diameter  is  com- 
puted.     The  velocity  is  next  found  by  the  formula 

and  from  Table  33  the  value  of  /  thereto  corresponding 
is  selected.  The  computation  for  d  is  then  repeated, 
placing  in  the  right-hand  member  the  approximate  value 
of  d.  Thus  by  one  or  two  trials  the  diameter  is  computed 
which  will  satisfy  the  given  conditions. 

For  example,  let  it  be  required  to  determine  the  diam- 
eter o(  a  new  pipe  which  will  deliver  500  gallons  per  second, 
its  lengtB  being  4500  feet  and  the  head  24  feet.  Here  the 
discharge  is 

ry  ^500/7.481  =66.84  cubic  feet  per  second. 

The  approximate  value  of  d  then  is 
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From  this  the  mean  velocUy  of  flow  is 
66.84 


v  = 


7.6  feet  per  secoiui, 


0,7854X3   35' 

and  from  the  table  the  value  of  f  for  this  diameter  and, 
velocity  is  found  to  be  0.013-     Then 

66.84'- 


d— 0.479 


[,.. 


X3-3S+o.oi3X45o'^) 


]' 


34 
from  which  rf  — 3.125  feet.  With  this  value  of  d  the- 
velocity  is  now  found  to  be  S.ji  feet^  so  that  no  change^ 
results  in  the  value  of  /.  The  required  diameter  of  thi 
pipe  h  therefore  j.i  feet,  or  about  3;  inches;  but  as  the^) 
K^ulji:  market  sizes  of  pipes  furnish  only  j6  inches  audi 
40  inches,  one  of  these  must  be  used,  and  it  will  be  on. 
the  side  of  safety  to  select  the  larger. 

It  will  be  well  in  determining  the  size  of  a  pipe  to  also^ 
consider    that    the    interior    surfaci;    may    become    rougl 
by   erosion  and  incrustation,   thus    increasing    the   valu( 
of  the  friction  factor  and  diminishing  the  discharge.     It] 
has  been   found   that   some  waters    de[>osit    incru stations! 
which  in  a  few  years  render  the  values  of  /  more  tl 
double  those  given  in  Table  33.     The  increase  iti  f  fi 
these  causes  is  not  likely  to  be  so  great  in  a  large   pi] 
afi  in  a  small  one,  but  It  is  not  improbable  that  for  the  abov 
example  they  might   be  sufficient  to  make  /  as  large 
o.oj.     Applying  this    value   to    the   computation   of 
diameter  from  the  given  data  there  is  foimd  tf  — 3.6  feet 
about  43  inches. 

The  sizes  of  iron  pipes  generally  found  in  the  marki 
are  J,  j,  i,  li,  ij,  a,  3,  4,  6,  8,  10,  13,  16,  iS,  so.  34,  sj, 
30,   36,   40,    44,  and  4S  inches,  while    intermediate  and! 
liirger  sizes  must  be  made  to  order.     The  compuiati* 
of  the  di.imeter  is  merely  a  guide  to  enable  one  of  thi 
sizes  to  be  selected,  and  therefore  it  is  entirely  unnecessai 
that  the  numerical  work  slioiJd  be  carried  to  a  high  dej 
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[if  precision,     Tn  fact,   tliree-figurc  logarithms  arc  usually 
sufiitient  to  detcmiuie  reliable  values  of  d  from  fcnnula 

m). 

Prob.  91.  Compute  the  rJiameter  of  a  pipe  lo  deliver  50 
gslloas  per  minute  under  a  head  of  4  feet  when  its  length  ia 
500  feet.     Also  when  its  length  is  5000  feet. 


Art,  92,     Short  Pipes 

A  ^pe  is  said  to  be  short  %vhen  its  length  is  less  than 
about  500  limus  its  diamettr.  and  very  short  when  the 
tengih  is  less  than  about  50  diameters.  In  both  cases 
the  coefficient  t,  should  be  estimiited  according  to  the 
cmdition  of  the  upper  end  as  precisely  as  possible,  and 
the  length  !  should  not  include  the  first  tliree  diameters 
of  the  pipe,  as  that  portion  properly  belongs  to  the  tube 
which  is  regarded  as  discharging  into  the  pipe.  In  attempt- 
ing to  ci-mputc  the  discharge  for  such  pipes,  it  is  often 
found  that  the  velocity  is  greater  than  given  in  Table  33, 
*Dd  hence  that  the  friction  factor  /  cannot  be  ascertained^ 
this  reason  no  acounite  estimate  can  be  made  of  the 
from  short  pipes  under  high  heads,  and  fortu- 
it  is  not  uflen  necessary  lo  use  them  in  engineering 
XOTstnictions. 

For  example,  let  it  be  required  to  compute  the  vel'-city 
flow  fmm  a  pipe  1   foot  in  diameter  and   100  feet  long 
a  head  of  too  feci,  the  upper  end  being  so  arranged 
I  *r,  =0,80,   and   hence  m  —  o.56   (Art.   85.)     N^lecting 
"f,  and  "f,.  since  the  pipe  has  no  curves  or  valves,  formula 
{S9J,  for  the  velocity  becomes 


-fr 


7gh 


^pid.   tisitig  tor  f  the  rough  mean  value  0.02  and  taking  / 
a£  g7  icct.  ther^  is  found  47,9  feet  per  second  for  the  mean 
(ly.      Now  there  is  ni:*  experimental  knowlftige  regard- 
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ing  the  value  of  the  friction  factor/  for  such  h^hvelodti 
in  iron  pipes,  ^ut  judging  from  the  table  it  is  probab- J^ 
that  /  may  be  about  0.015.  Using  this  instead  of  o.c^^ 
gives  for  v  the  value  46  feet  per  second.  The  uncertain^  3 
of  this  result  should  be  regarded  as  at  least  ten  percent. 

The  general  equ;ition  for  the  velocity  of  dischar^"^^^^* 
deduced  in  Art.  89  may  be  applied  to  very  short  pipe^^^^ 
by  writing  l-$d  in  place  of  /,  and  placing  for  m  its  valu^** 
in  terms  of  the  coefficient  c^.     It  then  becomes 


If  in  this  /  equals  3d,  the  velocity  is  c^v'agii,  which  is  th^3 
same  as  for  the  short  cyhndrical  tube.  If  i^iid,  /-o.o^» 
and  c,=o.83,  it  gives  i)=o,774v'ag/f,  which  agrees  welJ 
with  the  value  given  in  Art.  81  for  this  case.  If  ^  =  60^^ 
it  gives  V  =o.ti^\/^^,  which  is  two  percent  greater  ttiair> 
the  vaiue  given  in  Art.  81. 

Prob,  92,  Compute  the  discharge  per  second  for  a  pi^^ 
I  inch  in  diameter  and  40  inches  long  under  a  head  of  4  feet. 

Art.  93.     Long  Pipes 

For  long  pipes  the  loss  of  head  at  entrance  becomes  ver-^ 
small  compared  with  that  lost  in  friction,  and  the  velocity- 
head  is  also  small.     Formula  (89)j  for  the  mean  velocity    is 


1      n^ 


h^fil/d) 

in  which  the  first  term  in  the  denominator  represents  ttic 
effect    of   the    velocity-head    and    the   entrance-head,   the 
mean  value  of  the  latter  being  0.5.     Now  it  may  safely 
"be   assumed    that    1,5    may    be    neglected    in    comparison 
with   the   other   term,   when   the   error  thus   produced    "' 
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V  is  less  than  one  percent.     Taking  for  /  its  mean  value, 
this  will  be  the  case  when 

;--  .— 1 i.oi,     whence     ^  =  375° 

Therefore  when  I  is  greater  than  about  4000^  the  pipe 
^wiM  be  called  long. 

For  long  pipes  under  uniform  flow  the  velocity  is 
found  from  the  above  equation  by  dropping  1.5,  and  the 
dischai^  is  found  by  multiplying  this  mean  velocity  by 
the  area -of  the  cross-section.     Hence 

"^  ,.l„^^*    .  (93). 


->1^ 


which  for  the  English  system  of  measures  becomes 


8.°Wif  9=^-3°\7r  ^^^'' 


rf=o.479(-f)*  (93). 


n 

From  these  expressions  for  q  the  general  and  special  for- 
mulas  for  computing  the  diameter  of  the  pipe  for  a  given 
discharge,  length,  and  head  are  found  to  be 

These  equations  show  that  for  very  long  pipes  the  dis- 
charge varies  directly  as  the  2^  power  of  the  diameter, 
and  inversely  as  the  square  root  of  the  length. 

In  the  above  formulas  rf,  Ji,  and  I  are  to  be  taken  in 
feet,  q  in  cubic  feet  per  second,  and  /  is  to  be  found  from 
Tabic  33,  an  approximate  value  of  v  being  first  obtained 
|>y  taking  /  as  o.03-  It  should  not  be  forgotten  that 
computations  of  discharge  or  diameter  from  these  formulas 
are  liable  to  uncertainty  on  account  of  imperfect  knowl- 
edge regarding  the  friction  factors.  Especially  when  the 
velocities   are   lower   than  one  or  higher  than   fifteen   feet 
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per  second  the  results  obtained  can  he  regarded  as  rougli 
estimates  only.  The  value  of  h  in  these  formulas  is  really 
the  friction-head  h".  siiice  in  their  deduction  the  other 
fieads,  k',  h"',  and  h"'\  have  been  neglected  as  insensible. 
Hence  when  the  diameter  d,  the  length  I.  the  toUO  hea.d  /(, 
and  the  discharge  q  have  been  measured  for  a  long  pipe  tlie 
friction  factor  /  may  be  computed.  In  this  manner  much 
of  the  data  was  obtained  from  which  Table  33  has  been 
compiled. 

For  circular  orifices  and  for  short  tubes  of  equal  length 
under  the  same  head,  the  discharge  varies  as  the  square 
of  tlie  diameter.  For  pipes  of  equal  length  under  a  ^ven 
head  the  discharges  vary  more  rapidly  owing  to  the  influence 
of  friction,  for  formula  033j  shows  that  U  f  be  constant, 
q  varies  as  d*.  The  relative  discharging  capacities  of  pipes 
hence  vary  approximately  as  the  aj  powers  of  their  diam^ 
eters.  Thus,  if  two  pipes  of  diameterB  d,  and  d^  have  same 
length  and  head,  and  if  q,  and  q^  be  their  discharges^ 

qjq>-d}/d,^     or     q,'(djd^)^q. 

For  example,  if  there  be  two  ^pes  of  6  and  12  inches 
diameter,  d^/d^  equals  2  and  hence  ^j  =  5.7^if  or  the  second 
pipe  discharges  nearly  six  times  as  much  as  the  first.  If 
the  variation  in  the  friction  factor  he  taken  into  account. 
the  formula  gives 

Now  as  the  values  of  /  vary  not  only  with  the  diameter 
but  with  the  velocity,  a  solution  cannot  bo  made  except 
in  particular  cases.  For  the  above  example  let  the  ve* 
locity  be  about  3  feet  per  second;  then  from  the  tablo 
/,  =0.033  ^^^  /i"OtOi9,  and  accordingly 

or  the  T  2-inch  pipe  discharges  more  than  six  times  as  mucl 
as  the  6-inch  pipe. 
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Frtih.  ^Za.  How  many  pipes,  6  inches  in  diameter,  arc  equiv- 
alent rn  discharging  capacity  to  one  pipe  34  inthet^  in  diameter? 

Proh  &36.  Compute  the  diameter  required  to  deliver  15000 
cubic  feet  per  hour  through  a  pipe  aG  500  feet  long  under  a  head 
of  314.7  feel.  If  thii  quanlrty  is  cairied  in  two  pipes  vi  equal 
diamct^,  what  should  be  their  siie? 


Fig.  ^ia 


Aht.  94.     Piezometer  Measurements 

Letapiezometerlubebe  inserted  into  a  pipe  at  any  point 
ZJi  at  the  distance  J,  from  the  reservoir  measured  along  the 
pipe  line.  Let  -4ji7^  be  the  vertical  depth  of  this  point 
below  the  water  level  of 
ther^seivoir;  then  if  the 
Q.QV  be  stopped  at  the 
end  C.  the  water  rises  in 
Ihfl  lube  to  the  pobt  ,^1. 
But  when  the  ^cw  occurs, 
ihe  water  level  in  the  pi- 
ezometer stands  at  some 

paint  G^,  and  the  pressure-head  at  D^  is  h^.  or  C^D^  in  the 
fijnjre.  The  distance  .4,(7,  then  represents  the  velttity- 
Jiead  plus  all  the  losses  of  head  between  D^  and  the  rcser- 
'otr.  If  no  losses  of  head  occur  except  at  entrance  and  ia 
:iion.  the  value  of  AjC\  then  is 

which  the  picEomctric  height  can  be  found  wlien  v  has 
determined  by  direct  measurement  or  by  K-'Si'^g 

For  example,  let  the  total  length  t  =  ^ooo  feet.  J=6 

fhes,  /i=g  feet,  and  7k  =  o.5,      Then,  as  in  An.Kf),  there 
found   /-o.oa6    and    t^  =-1.917    feet   per  second.     The 
position  of  the  top  of  the  pieaometric  column  Is  then  pven  by 

J/,  =  (i. 5  +  0,052/,)  Xo.o57>4 
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aiid  the  height  of  that  column  above  the  pipe  is 

Thus  if  ^,  =  1000  feet,  H^  =  ^.a6  feet;  and  if  1^^7000  feet, 
W,  -6.03  feet.  If  the  pipe  is  so  laicJ  that  .4^/),  is  ^  feet,  the 
corresponding  pressure-heads  are  then  5,^4  and  2,9;  feet. 

For  a  second  piezometer  inserted  at  D,  at  the  distance  /, 
from  the  entrance,  the  value  of  H^  is 

Subtracting  from  this  the  expression  for  /J",,  there  is  found 


(94), 


The  second  member  of  this  formula  is  the  head  lost  in  fric- 
tijn  in  the  length  i,  — ',  (Art.  S6).  and  the  first  member  is 
the  difference  of  the  pieBometer  elevations.  Thus  is  again 
pro\-ed  the  principle  of  Art.  S3,  that  the  difference  of  two 
pieiometer  elevations  shows  the  head  lost  in  the  pipe  be- 
tween them;  in  Art,  S2  the  elevations  H^  and  H^  wer^j 
measured  upward  from  the  datum  plane;  while  here  theyl 
ive  lieen  nieasuied  downward  from  the  water  level  in  thel 
'tescn'oir 

By  the  help  of  tlus  principle  the  velocity  of  fJow  in  aj 
pipe  may  he  approximately  determined.     A  line  of  !e\'e] 
is  run  between  the  points  D^  and  D,,  which  are  selected  so] 
that  no  slurp  curves  occur  between  them,   and  thus  the' 
difference  H, -H,  is  fourifl,  while  the  length  /,  — /,  is  ascer- 
tained by  careful  chaining,     Tlicn.  from  the  abo\-e  formula. 


mx 


from  which  v  can  be  computed  by  the  help  of  the  frictioa] 
factor*  in  Tahiti  33.     For  exAmpJe,  Steams,  in  1S80.  mad( 
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espEnments  on  a  comluit  pipe  4  feet  in  diameter  under 
dilTtrcnl  velocities  of  flow.*  In  osperimcnt  No.  3  the 
length  ^j  — i,  was  1747.3  feet,  and  the  ditTerence  of  the 
piezometer  levels  was  1-^4,^  feet.  Assuming  for  /  the  mean 
value  0.02,  and  using  32,10  feet  per  second  per  second  far 
I-  the  velocity  was 


"">      o.o?Xi747 


3.0  feet  per  second. 


This  velocity  in  the  table  of  friction  factors  gives  /  =  o.oTg 
for  a  4-foot  pipe.  Hence,  repeating  the  computation,  there 
is  found  !■  — 3. 50  feet  per  second  i  it  is  accordingly  uncert:iin 
T*'heiher  the  value  of  /  is  0,015  °^  0.014-  If  the  latter  value 
be  LSed.  there  is  found  v  —  3.6a  feet  per  second.  The  actual 
velocity,  as  determined  by  measurement  of  the  water  over 
a  weir,  was  3.73S  feet  per  sec[>nd,  which  shows  that  the 
computalion  is  in  error  atout  4  percent. 

In  order  that  accurate  results  may  be  obtained  with 
VieEometers  it  is  necessary,  particularly  under  low  pres- 
sure-heads, that  the  tubes  be  inserted  into  the  pipe  at 
rigiit  angles.  If  they  be  inclined  with  or  against  the  cur- 
rent, the  pressure-liead  h^  will  be  greater  or  less  than  that 
due  to  the  pressure  at  the  moutb_  Let  6  be  the  angle 
between  the  direction  of  the  flow  and  the  inserted  pie?,om- 

■  eter  tube_  '  Since  the  impulse  iti  the  diretaion  of  the  cur- 
Brent  is  proportional  to  the  velocity-head    (Art.  29),   the 

■  i"'>mponent  of  this  in  the  direction  of  the  inserted  tube 
Htends  to  increase  the  normal  pressure-height  h^  wlien  &  is 
^It^s  than  go'^  and  to  decrease  it  when  0  l&  greater  than  90°. 

Thus 


K 


h.+n—cosd 


niay  be  written  as  approximutely   applicable  to   the  two 
oa5e&  in  which  n  is  a  coefiicient  whose  value  has  not  been 
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ascertaified-  Tn  this,  if  the  tube  "be  ioserted  normal  to 
the  pipe,  ff  =  9o°  and  h,  becomes  h^,  the  height  due  to  the 
static  pressure  in  the  pipe;  if  t'  — o,  the  angle  6  has  no 
effect  upoQ  the  piezometer  readings.      But  if  0  differs  frgni 
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90**  by  a  small  angXe.  the  error  in  the  reading  may  be  Targe 
when  the  velocity  in  the  pipe  is  liigh. 

The  question  as  to  the  point  from  which  the  presstire- 
hcad  should  be  measured   deserves  consideration-      In  the 
figures  of  preceding  articles  h^  and  h^  have  been  estimated 
upward  from  the  center  of  the  pipe,  and  it  is  now  to  be 
shown  that  this  is  probably   correct.     Let 
Fig.  ^4c  represent  a  cross- section  of  a  pipe 
to  which  are  attached  three  piezometers  as 
shown.     If  there  be  no  velocity  in  the  tube 
ot  pipe,  the  water  surface  stands  at  the  same 
level  in  each  piezometer,   and  the  mean 
'  pressure-heEid   is  certtLinly   the   distance   of 

that  level  above  the  center  of  the  cross-section.  If  the 
water  in  the  pipe  be  in  motion,  probably  the  same  would 
holil  true-  Referring  lo  formula  (73),  and  to  Fig.  73a,  it  is 
also  seen  that  if  there  be  no  velocity  h'=h^  —  hj,  which 
cannot  be  true  unless  h^-h^'^o,  since  there  can  be  no  loss 
of  head  in  the  transmission  of  static  pressures;  hence  h^ 
and  h^  cannot  be  measured  from  the  top  of  the  section.  In 
any  event,  since  the  piezometer  heights  represent  the  mean 
pressures,  it  appears  that  they  should  be  reckoned  upward 
from  the  center  of  the  section.  The  jjiczometer  couplings 
for  hose  devised  by  Freeman  are  arranged  with  connections 
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ihp  top.  hnttom,  and  sides,  ns  Bro  also  those  uw?d  for 
the  Veniuri  meter  (Art,  39j.  and  thus  the  results  obtained 
coiTtapond  to  mean  pressures  or  ]jrtS5ure- heads.  Even  m 
casesvbcreihe  two  points  of  connection  are  so  near  i^^ether 
Ihal  Ihe'ilifferi-nce  Hj  -  H,  ran  be  measured  by  a  differential 
manomeier  (Art.  37)h  the  method  of  connecting  the  tubes 
lo  the  ppes  should  receive  careful  attention, 

Pmb  94<i.  To  a  P'pc  of  uniform  sizs  two  pieiometers  are 
aiiadip<J  at  points  A  and  B  one  mile  apnrt,  the  point  A  being 
Si  ij  ieei  higher  than  B.  The  pre&  sure -heads  read  sirmjl- 
tsntomly  at  the  two  stations  are  6.07  leet  for  A  and  GB.ji  feet 
Uff  B.    In  which  direction  does  the  water  flow? 

Pmb,  9-W>.  At  a  point  500  feet  froni  the  reservoir,  and  28 
fcet  bflow  its  surface,  a  pressure  gage  reads  10.5  pounds  per 
sqiiare  inch:  at  a  point  8500  feet  from  the  reservoir  and  sSo  j 
feet  below  its  surface,  it  reads  61  pounds  per  square  inch.  If 
tJiepipe  be  la  inches  in  diameter,  compute  the  di&charge. 


Art.  95.     Thb  HvosAUtic  Gradient 

The  hydraulic  gradient  is  a  line  which  connects  the 
*ater  levels  in  piezometerK  placeil  at  intervals  along  the 
P^f;  or  rather,  it  is  thehne  to  which  the  water  levels  would 
na;   if    piezometer    tubes 

""']  [b.         am 
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TJi-ere inserted-      In  Fig.  94rt 
iheline  DC  is  the  hydraulic 
gnidicnlf  and  it  is  now  Lo 
1    he  shown  that  for  a  pipe 
of  uniform  size  this  is  ap- 
proximately a  straight  line. 
For    a    pipe    discharging 

freely  into  the  air,  as  in  Fig-  Ma,  this  line  joins  the  outlet 
end  with  a  point  B  near  the  top  of  the  reservoir      For  a 
pipe  with  submerged  discharge,  as  in  Fig.  fi5u,  it  joins  the 
lOVfet  water  level  with  the  pomt  B. 

Let  D,  be  any  point  on  the  pipe  <]istant !,  fr^m  the  reser- 


Fro,  96a 


t^K>CGH  Pipes 


CiiAP,  vm 


Jv^tftr  pipe  line.     The  piezometer  there 

*^JcJl  ES  a  point  in  the  hydraulic  gradient. 

•^  tinr  wTlh  reference  to  the  ori£rin  A  is 

-t  fli^awo  of  Art-  94. 

--i^  ordinate  A^C^.   aad  /,  is  the  ahscissa 

j.t  ihe  limgth  of  the  pipe  is  sensibly  cqujva- 

%T»iiL'ntal   projection.      In   this   equation   the 

V  iiii-TDnd  member  is  constant   lor  a  given 

,.  *  nipresented  in  the  figure  by  AB  or  A,B^: 

t^m   varies    with   l^,    and   is   represented   by 

■-.    ^rspJicnt   is  therefore   a   straight  line,   subject 

^liiii  that  the  pipe  is  laid  approximately  hori- 

.It  is  usually  the  case  in  practice,  since  quite 

Twui  variations  may  exist  in  long  pipes  with- 

r>iy  iiflftrting  the  horizontal  distances. 

■^'  variable  point  P,  is  taken  at  the  outlet  end 
til  becomes  the  head  h,  and  I,  becomes  the 
J.  agreeing  with  the  formula  of  Art.  Sfl,  if 
■leftd  due  to  curvature  and  valves  be  omitted, 
iktn  very  near  the  inlet  end,  ^j  becomes  zero 
.luite  A/,  becomes  .4^,  which  represents  ihe 
L ,..  I  plus  the  loss  of  head  at  entrance. 

Vbere  arc  easy  horizontal  cur\'es  in  a  pipe  line, 

4  conclusions  are   unaHected,   except   that  the 

\^    :dways   vertically   abox'e   the    pi[>e,    aiid 

...,\\  U:  called  straight  only  by  courtesy,  although 

Un^  unlinate  B,C\  is  proportional  to  /,.      When 

J»arp  rurves,  the  inclination  of  h>'draulic  gradient 

I  Lti.'r  and  il  is  depressed  al  each  curve  liy  an 

I  il    to   the   loss   of   head   which   there   occurs. 

1  ruction  occurs  in  a  pipe  or  a  valve  is  par- 

,hI  Ihcru  IS  a  sudden  depression  of  the  gradient. 
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If  the  pix*P  isi  ^'"f  ^^^d  Lliat  a  portkui  of  it  rises  above 
the  hydraulic  gradient  jis  ;it  D^  in  Fig.  ^5h.  an  entire 
change  of  condition  generally  results.  If  the  pipe  be 
dised  at  C,  all  the  pie/-- 
omelers  stand  in  the  line 
AA,  at  the  same  level 
as  ihe  surface  of  the 
reservoir.  When  the 
valve  at  C  is  opened,  the 
flow  at  first  occurs  under 
Dnmi^il  conditions,  k  b&m^ 

Ibc  head  and'BC  the  hydraulic  gradient.     The  pressure- 
bead  at  LJ,  is  then  negjitive,   and  represented  by  D^C^. 
M  a  consequence  air  tends  to  enter  the  pipe,  and  when 
il  d(ie5  so,  owing  to  defective  joints,  the  continuity  af  the 
flow  is  broken,  and  then  the  pipe  from   /J,   to  C  is  only 
jwily  filled  with  water.     The  hydraulic  gradient  is  then 
slufied  to  BD^,  the  discharge  occurs  at  iJ,  under  the  head 
A,D^.  while  the  remainder  of  the  pipe  acts  merely  as  a 
channel    to   deliver    the    flow.      It    usually    happens    that 
this  change  results  in  a,  great  diminution  of  the  discharge, 
so  that  it  has  been  necessary  to  dig  up  and  relay  portions 
of  a  pipe  line  which  have  been  in  ail  vert  en  tly  run  above 
l^    hydraulic    gradient.   '  This    trouble    can    always    be 
1       avoided   by  preparing    a   profile    of   the    proposed    route, 
dnwing  the  hydraulic  gradient  upon  it,   and  excavating 

^ibe  pipe  treocli  well  bebw  the  gradient.      In  cases  where 
the  cost  of  this  excavation  is  so  great  that  it  is  resolved 
to  lay  the  pipe  above  the  gradient,  aU  the  joints  of  the 
^ptpe  abo\'C  the  graiHent  should  Le  made  absolutely  tight 
^Kd  that  ro  air  can  enter. 

B  "When  a  large  part  of  the  pipe  lies  above  the  hydraulic 
gra^lieut  it  is  called  a  siphon.  Conditions  sometimes  exist 
wbi<^h  require  a  pipe  line  to  be  laid  as  a  siphon  for  a  short 
distance.  In  such  a  case  an  air  chamber  is  sometimes 
bu)U    at   the    highest    elevation   so  that   air   may   collect 
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in  it  instead  of  in  the  pipe,  and  provision  is  made  for 
recharging  the  siphon  when  the  flow  ceases  by  admitting 
water  at  the  highest  elevation,  or  by  operating  a  suction- 
pump  placed  there,  or  by  forcing  water  into  the  pipe 
by  a  pump  located  at  a  lower  elevation.  Probably  the 
largest  siphon  ever  constructed  is  that  laid  about  1885 
at  Kansas  City,  Mo,,  it  being  42  inches  in  diameter,  and 
750  feet  long,  with  the  summit  10  feet  above  the  general 
level  of  the  pipe  line.  The  air  that  collected  at  the  summit 
was  removed  by  operating  a  steam  ejector  for  a  few 
minutes  each  day.* 

The  pressure-head  h^  at  any  distance  /,  from  the  reservoir 
may  be  expressed  in  terms  of  the  total  head  h  by  an  in- 
spection of  Fig.  95a  where  A  ,Z>,  is  the  hydrostatic  head 
H^  and  C^D,  is  k^.  Thus  h^  =  H^—AjC^  and»  since  A^B^ 
is  very  small  for  long  pipes,  the  similar  triangles  give 

This  result  can  also  be  obtained  from  the  above  formula  for 
//,  by  making  i  +  m  equal  to  aero  and  placing  for  v  lis 
value  from  (86).  The  loss  of  head  in  friction  is  represented 
in  the  figure  by  B^C^,  and  the  value  of  this  is  {lji)h  for 
long  pipes;  that  is,  this  loss  of  head  is  proportional  to 
the  length  of  the  pipe. 

The  above  discussion  shows  that  it  is  immaterial  where 
the  pipe  enters'  the  reservoir,  provided  that  it  enters 
below  the  hydraulic  gradient  point  B.  Tt  is  also  not  to 
be  forgotten  that  the  whole  investigation  rests  on  the 
assumption  that  the  lengths  /,  and  /  are  sensibly  equal 
to  their  horizontal  projections. 

Prob,  95.  A  pipe  3  inches  in  diameter  discharges  538  cubic 
feet  per  hour  under  a  head  of  ii  feet.  At  a  distance  of  300 
feet  from  the  reservoir  the  dcptli  of  the  pipe  below  the  water 
surface  in  the  reservoir  is  4.5  feet.  Compute  the  probable 
pressure-head  at  this  point, 

■  Engineering  News,  1891,  vol.  26,  p.  519;    1893,  vol.  29,  pp,  413,  58S. 
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Art,  9S.     A  Compound  Pjpb 

A  compound  pipe  is  one  having  different  sizes  in 
different  portiims  of  its  length.  The  change  Irom  one 
length  to  another  should  be  made  by  a  "reducer,''  which 
ia  a  conical  frustum 
several  feet  long,  so  that 
losses  of  head  due  to  sud- 
den enlargement    or    con-    t^^ ''^i 

iTTiLtion  are  avoided   [Art, 

74f,    Let   J,,    if,,    rfg,    etc.,  Fio.  w 

lie  the  diameters:  t^.  i^,  l^,  etc.,  the  corresponding  lengths, 

the  total   length    being   /^  +  /,  +  etc.     Let   t",,    i^,,    etc.,    be 

the  A'clficities   in    the    diiTerent    sections.     Neglectinij   the 

\ifl&  of  head  at  entrance  and  also  that  lost  in  curvature, 

Ibc  total  heajl  h  miiy  be  placed  equal  to  the  loss  of  head 

in  friction,  or 

Kowifthedischarge  per  second  be  ^,  and  the  flow  be  steady 

v^'q/^Tzd^         Vj^q/\7:d.*,  etc. 
Substituting  these  velocities  and  soh'ing  for  q,  gives 


g-1^ 


2gh 


''tJ^+''^*+^l^- 


(96) 


which  the  friction  factors  /,,  /,,  etc.,  corresponding  to 
the  given  diameters  and  the  computed  velocities  are  to  be 
iken  from  Table  33, 

■  F<ff  example,  consider  the  case  of  a  pipe  having  only 
twro  sizes;  let  d^*^2  and  i,  —  sSoo  feet,  -i,  —  i-S  and  /j=ji45 
fe^t.    and  /;  =127.5   '^^t-      Using  lor  f^   and  /,   the   mean 
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value  Q-05,  and  maJdng  the  substitutions  in  the  formulfl., 
lliere  is  found 

q  —  Q6.3  cubic  feet  per  second, 
which     Vj  — 3.3    ajid    7^,-14.8  feet  per  second. 

Now  from  Table  33  it  is  seen  that  /j  — 0.015  ^^^  /» "O-OiS  I 
and  repeating  the  computation, 

g  =  3o,2  cubic  feet  per  second, 

which  gives    u,  =9.6    and    ^  =  17.1  feet  per  second. 

These  results  are  probably  as  definite  as  the  table  of  friction 
factors  will  allow,  but  are  to  be  regarded  as  liable  to  an  un- 
certainty of  several  percent. 

To  determine  the  diameter  of  a  pipe  which  will  give  the 
same  discharge  as  the  compound  orte^  it  is  only  necessary  To 
replace  the  denominator  in  the  above  value  of  g  by  /i/J^ 
where  f — i^-j-Z^-hetc,,  and  d  is  the  diameter  required.  Tak- 
ing the  values  of  /  as  equal,  this  gives 

/      /,      L 
j.-5^.+^.+etc. 

Applying  this  to  the  above  example,  it  becomet 


4945 


9800      a 145 


from  which  d  ■=- 1.68  feet,  or  about  ao  inches. 

A  compound  pipe  is  sometimes  used  to  prevent  the 

hydraulic  grariient  from  falling  below  tlie  pipe  line-     lltus, 

it  is  seen  in  Fig.  96  that  the  hydraulic  gradient  rises  at  D^ 

falls  at  Dj,  and  that  its  slope  over  the   larger   pijK"  is 

than  over  the  smaller  nne.     These  slopes  and   amount 

of  rise  at  D,  can  be  computed  for  a  given  case.     Using  liie 

above  numerical  data  the  loss  of  head  in  friction  for   100 

feet  of  the  large  pipe  is 

100  Vj* 
A   —0.015 ^—1.07  feet 
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while  the  game  for  the  small  pipe  is  4.55  feet.  Hence  the 
slope  trf  tbe  gradients  .4C,  and  C^C  is  more  than  iour  linies 
as  rapid  as  that  of  the  j^radk-nt  E,E^.  In  the  large  pipe 
at  D^  the  velcxHty-head  is  0.01555X9. 6'  =  i.4j  feet,  and. 
sujjpijsing  that  no  loss  occurs  in  the  reducer,  tbe  velocity- 
bead  for  thesmall  pipe  is  4  SS  'eet.  The  vertical  rise  C^E^ 
the  hydraulic  gradient  at  I>i  is  hence  the  rise  in  pressure- 
^XiA  455  —  1.43  =  313  fett,  and  a  fall  of  equal  amount 
rui^  at  D^. 

When  a  portion  of  a  small  pipe  :s  to  be  replaced  by  a 

one  it  is  immatcnal  in  what  part  of  the  length  it  is 

jtroduced,  for  it  is  seen  that  formula  f%)  takes  no  note 

whi-re  the  length  i,  is  placed  in  the  total  distance  I.     The 

IS  knew  that  an  increase  in  the  diameter  of  a  p^pe 

aftw  leaving  the  reservoir  would   increase   the   discharge, 

jAad  the  law  passed  by  the  Roman  senate  ahout  the  year 

to  B.C.  forbade  a  consumer  to  attach  a  larger  pipe  to  the 

[rtflndard  pipe  within  50  feet  of  the  reservoir  to  which  the 

itter  was  connected.* 


Prob,  96a,  A  pipe  400  feet  long  leads  from  a  reservoir  to  a 
%  the  firet  50  feet  beiny  r  incli  and  the  remainder  a  inches 
diAjneler-      Compute  the  discharge  in  gallons  per  minute  for 
1  head  of   t6  feet.      Compute  also  the  discharge  if  the   entire 
igth  bfi  1  inch  in  diameter.     Draw  tlie  hydraulic  gradient  for 
case. 

Piob.  966.  Al  Rochester,  N.  Y,,  there  is  a  pipe  loa  377  feet 

I.  of  which  50  8aa  feet  is  36  iocheE  in    diameter  and  51  440 

U  34  inches  in  diameter.      Under  a  head  cf  145.8  feet  this 

is  said  to  have  discharged  in  iS?^  about  t4  cubic  feet  per 

rd  and  in  1S90  about  to^  cubic  feet  per  second-     Compute 

discharge  by  {S>6},  and  draw  the  hydraulic  gradient. 

Prob.  96i.  Frontinus  said  that  the  diameter  and  circum- 
Wence  of  a  denaria  pipe  (Art.  S5)  in  digits  were  3  +  |  and 
j-tj  +  j^^-jilf  and  that  it  had  a  capacity  of  4  quinarias.  What 
vaJiw  0/  X  did  Frontinus  probably  use  in  his  computations? 

*  Hrrvbcl,  Water  Supply  uf  the  City  of  Rdiul^  [BosEun.  1^89),  p.  77. 
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Art.  97.     A  Pipe  with  a  Nozzle 

Water  is  cften  delivered  through  a  nozzle  in  order  to 
perform  work  upon  a  motor  or  for  the  purposes  of  hydraulic 
mining.  Ihe  nozzle  being  attached  to  the  end  of  a  pipe 
which  brings  the  Sow  from  a  resorvoir.     In  such  a  case  it 

h  desirable  that  the  pressure 
at  the  enti^nce  to  the  nuzzle 
^^=  should  be  as  great  as  possi- 
ble, and  this  will  be  effected 
when  the  loss  of  head  in  the 
pipe  is  as  small  as  possible. 
F^'  ^  The   pressure   column    in   a 

piezometer,  supposed  to  be  inserted  at  the  end  of  the  pipe, 
as  shown  at  C^D^  in  Fig,  97,  measures  the  pressure-head 
there  acting,  and  the  height  A^C,  mi'asurcs  the  lost  head 
plus  the  velocity-head,  the  latter  being  very  small. 

Let  h  be  the  total  head  on  the  end  of  the  noitle,  D  its 
diameter,  and  V  the  velocity  of  the  issuing  stream.  Let 
d  and  v  be  the  corresponding  quantities  for  the  pipe,  and  I 
its  length.  Then  the  effective  velocity-head  of  the  issuing 
stream  is  V^/ig  and  the  lost  head  is  h-  V^hg^  This  lost 
head  consists  of  several  parts — that  lost  at  the  entrance  i 
D\  that  lost  in  friction  in  the  pipe;  that  lost  in  curvesi 
and  valves,  if  any ;  and  lastly,  that  lost  in  the  nozzle.      Thus 


1 


2g^'d2g^    '2g^  ""aj^     ig 


Here  w  is  determined  by  Art,  S5,  /  by  Art.  86,  m^  by  Art- 
87.  '«,  by  Art,  88.  while  tn'  for  the  nozzle  is  found  in  thc| 
same  manner  as  ui  is  found  for  the  pipe,  or  m'  —  (i/c^)'--!^! 
where  c^  is  the  coefficient  of  velocity  for  tlie  nozzle  (Art.  SO),J 
This  value  of  m'  takes  account  of  all  losses  in  the  nozzle,  so  1 
thai  it  is  unnecessary  to  consider  its  length;  for  a  perfect 
rozzle  c^  is  unity  and  nt'  is  zero. 


A«C7 


A    FlPB    WITH    A    NOZELE 


241 


The  velocities  v  and  V  are  inversely  as  the  areas  of  the 
corresponding  cross-sections  (Art.  32)  ►  since  the  flow  is 
steady,  whence  V  —v(d/Dy.  Inserting  this  in  the  above 
equatiuQ  and  sohing  for  v  gives,  if  m^  and  tn^  be  negletted, 


..^ 


igh 


m+f(l/d)  +  (t/e,rid/D) 


(97) 


P 

i 
^ 


the  velocity  in  the  pipe.     The  velocity  and  discharge 
the  nozzle  are  then  given  by 

and  the  velocity-head  of  the  jet  i:^  ^'/^£-  These  equations 
show  ilmt  the  greatest  value  of  V  obtains  when  Z)  is  as 
small  as  possible  compared  to  d,  and  that  the  greatest  dis- 
charge occurs  when  D  is  equal  to  d.  When  the  object  of 
a  DOazle  is  lo  utilize  the  velocity-head  of  a  jet,  a  large  pipe 
aod  a  small  nozzle  should  be  employed.  When  the  object 
i*  to  utilise  the  energy  of  the  jet  in  producing  power  by  a 
Wuier  wheel,  there  is  a  certain  relation  between  D  and  d 
thai  renders  this  a  nia.ximum  (Art.  I6I3. 


As  a  numerical  example,  the  effect  oE  attaching  a  noaalcj 

^fc  the  pipe  whose  discharge  was  computed  in  Art.  90  will 

Hbe  cunsidered.     Tliere  i  =  i^oQ.   d  =  Q.j$,   and  /i  =64   feet; 

fw— 0.5,  V"S-3   feet,  and   ^  — o.a6   cubic   feet   per  second. 

Xow  let  the  nozzle  be  one  Inch  in  diameter  at  the  small 

ciitJ,  or  D  ^o.c8:(3  feet,  and  let   its  coefficient  <:,  be  o.yS. 

ifcred/£)— 3,  and  for /-0.03s  ^^^  velocity  in  the  pipe  is 


k  -4 


2X33  16X64 


0.5  +  0,02^X1500X4  +  ^.041X81 


orv=^4-3  feet  per  second.  Theeffect  of  the  nozzle,  therefore, 
ts  to  reduce  tlie  velocity  in  the  pipe.  The  velocity  of  the 
tt  the  end  of  the  noEzle  is.  however. 


V«i/(d/i?)'  — 37.8  feet  per  second 
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and  the  dischat^  per  second  froQi  the  nozzle  is 
q  -  ijiD'V"  =  Q,2ot  cubic  feet 

which  is  about  30  percent  le&s  than  that  of  the  pipe  before 
the  nozzle  was  attached.  The  nuzzle?,  howe^'cr,  produces 
a  man.'eUous  effect  in  increasing  the  energy  of  the  discharge; 
for  the  velocity- hea,d  correspontiing  to  5.3  feet  per  second 
is  only  0.44  feet,  while  that  coTTPsponding  to  37. S  feet  per 
second  is  32.2  feet,  or  about  50  times  as  great.  As  the 
total  head  is  64  feet^  the  efficiency  of  the  pipe  and  noizle 
is  about  35  percent. 

If  the  pressure-head  h^  at  the  entrance  of  the  nozzle  be 
obscTA'ed,  either  by  a  piezometer  tube  or  by  a.  pressure  gage, 
the  velocity  of  discharge  from  the  nozzle  can  be  computed 
by  the  formula 


V 


the  demonstration  of  which  is  given  in  Art.  SO,  This  can 
be  used  when  a  hose  and  nozzle  is  attached  at  any  point  of 
a  pipe  or  at  a  hydrant.  It  can  also  be  used  to  compute  fc, 
when  V  has  been  found.     Thus^  for  the  above  example, 

Ji,=   —---T7)  —  - 32,8  feet 

which  shows  that  the  loss  of  head  in  the  nozzle  is  about  0.6 
feet-     The  loss  of  head  ni  entrance,  for  this  case,  is  0,2  feet,. 

and  the  loss  of  head  in  friction  in  the  pipe  is  41 ,0  feet, 

Pr6b.  97a.  Compute  the  velocity,  discharge,  velocity-head, 
and  friction-head  for  a  pipe  and  no^tzle,  taking  the  data  of  the 
above  numerical  example,  except  thai  t'^a^oo  feet, 

ProK  ft7fc-  A  pipe  12  inches  in  diameler  and  4320  feet  long 
leads  from  a  reservoir  to  a  gravel  bank  against  which  water  is 
delivered  frim  a  nozzle  9  inches  in  diameter.  The  head  on  the 
end  of  thf  nozzle  is  330  feet  and  the  coeflicieiit  of  velocity  of  the 
no£zle  i&  0,97,  Compute  the  velocity  in  the  pipe,  the  velocity- 
bead  of  the  }(t)  and  the  discharge. 
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Art,  08,     House-service  Pipes 

A  service  pipe  whicli  runs  from  a  street  main  to  a  house 
is  connected  to  the  former  at  right  angles,  and  usually 
1>y  a  "ferrule"  which  is  smaller  in  diameter  than  the  pipe 
itself.  The  loss  of  head 
8\  entrance  is  hence  larger  j} 

than  in   the   cases   before    i^^^^i L 

discussed  J  and  tn  should 
prrbably  be  taken  as  at 
kast  equal  to  unity.  The 
pipe,  if  of  leatl,  is  frequently 
carried  around  sharp  cor- 
ners by   curves    cif    small 

radius;  if  of  iron,  these  curves  are  formed  by  pieces  form- 
ing a  quadrant  of  a  circle  into  which  tho  straight  parts 
KE  screwed,  the  ratUus  of  llic  center  line  of  the  curve 
being  hut  little  larger  than  the  radius  of  the  pipe,  so  that 
each  curve  causes  a  kjss  of  hea.d  equal  nearly  tc  double 
the  trelocity-head  (Art,  87)-  For  new  iron  pipes  the  loss 
d  head  due  to  frictioa  may  be  estimated  by  the  rules  of 
Art.se  or  by  Table  35. 

A  water   main   should   be   so   designed   that   a   certain 
auiiinnim  pressure -liead  /i,  exists  in  it  at  times  of  heaWL-st 
^ft.    This   pressure-head    may  be   represented    by    the 
height  of   the   pjczometer  column   AB.   which   would  rise 
in  ft  tube  supposed  to  be  inserted  in  the  main,  as  in  Fig. 
I      tIfU.   The  head  h  which  causes  the  flow  in  the  pipe  is  iheii 
^khe  diffrrencc  in  level  between  the  top  of  this  column 
Hand  the  end  of  the  pipe,  or  AC,     Inserting  for  k  this  \'alue. 
"Ihe  formulas  of  Arts,  91 J  and  91  may  be  applied  to  the 
investigation  of  service  pipes  in  the  manner   there   illus- 
trated.   As  the  sizes  of  common  house-service  pipes  are 
reK^lated   by  the    practice   of   the   plumbers   and   by   the 
market  sizes  obt^inflble,  it  is  not  often  necessary  to  make 
computations  regardiny  them. 
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The  velocity  of  flow  in  the  main  has  no  direct  influence 
upon  that  in  the  pipe,  since  the  connection  :&  made  at 
right  angles.  But  as  that  velfx:ity  varies,  oviing  to  the 
var>-iog  draft  upnn  the  main,  the  effective  he:id  /(  is 
subject  to  continual  fluctuations.  When  there  :s  no 
flow  in  the  mitin,  the  piezometer  column  rises  until  its 
top  is  oa  the  same  level  as  tlie  surface  of  tlie  reservoir; 
in  times  of  great  draft  it  may  sink  below  C,  so  that 
no  water  can  be  drawn  from  the  serx'ice  pipe. 

The  detection  and  prevention  of  the  waste  of  water 
by  consumers  is  a  matter  of  importance  in  cities  where 
the  supply  is  limited  and  where  meters  are  not  in  use. 
(Jf  the  many  methndJi  devised  to  detect  this  waste,  one 
hy  the  use  of  piezometers  may  be  noticed,  by  which  aa 
ins^>ector  without  entering  a  house  may  ascertain  whether 
water  is  being  dra^-n  within,  and  the  approximate  amount 
per  sceond-  Let  M  be  the  street  main  from  whicli  a 
nervier  pipe  MOH  runs  to  a  house  H.  At  the  edge  of  the 
sidewalk  a  tube  OP  is  connected  to  the  ser\'ice  pipe,  which 
has  a  three-way  cock  nt  O.  which  can 
be  turned  from  above.  The  inspector, 
passing  on  his  rounds  in  the  night-time, 
attaches  a  pressure  gage  at  P  and 
turns  the  cock  0  so  as  to  shut  ofl  the 
water  from  the  house  and  allow  the 
full  pressure  of  the  main  p^  to  be  registered.  Then  he 
turns  the  cock  so  that  the  water  may  flow  into  the  house, 
while  it  also  rises  in  OP  and  rej^isters  the  pressure  /»,. 
Then  if  p^  is  less  than  f^^  it  is  certain  that  waste  is  occurring 
within  the  house,  and  the  amount  of  this  may  be  approxi- 
mately coniputed,  if  desired,  and  the  consumer  be  fined 
accorrtmgly. 

The  pitometer,  which  consists  of  a  rated  Pitot  tube 
(Art,  41)  facing  the  current  in  the  pipe,  with  a  difi"erential 
gage  (Art.  .37J  to  determine  the  pnrssure-head  due  to 
:he  eunvtU.  is  also  used  for  the  measurement  tf  the  flow 
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in  water  mains  and  for  the  detection  of  water  waste. 
A  photographic  record  of  the  difference  in  height  id  tht? 
coJumns  o(  Uquid  in  the  gage  lube  is  kept,  Etnd  this  shows 
the  discharge  through  the  water  main  at  any  instant, 
isalsodll  fiucLualions  in  the  flow.* 

VTben  tho   pressure   in   tht?   street   main   is   very   high, 
fl  prpisure  regulator  may  be  placed  between   the  main 
^d  the  house  in   order  to  reduce  the   pressure  and   thus 
3^w  hghter   pipes   to    be   used    in    the    house.      Fig,  9Sc 
shows   the    principle    of    its    action,    where    A    represents 
the  pipe    from    the    main    and    B  the    jripe    leading    to 
the  hot3se.     A  weight  U"  is  placed   upon  a  piston  which 
covers  the  openijig  into  the  cham- 
ber C    This  weight  and  that  of 
the  piston    is    sufficient    to   o\'er- 
enine  a  certain  unit-pressure  in  C 
and  therefore  the  unit-pressure  in      _^ 
B  is  less  than  that  in  A  by  that 
amount.       For   example,    suppose 
I     the  pressure  in  .4  to  be  loo  pounds  per  square  inch,  and  let  it 
I     he  required  that  the  pressure  in  fl  shall  not  rise  above  60 
pounds  per  square  inch ;  then  the  piston  must  be  so  weighted 
ihdt  it  may  exert  on  the  water  in  C  a  pressure  of  40  pounds 
per  square  inch.     If  water  bo  drawn  out  an>*wht're  along 
the  pipe  B  the  pressure  m  the  chamber  above  the  piston 
/alls   below    60   pounds   per   s^juare   inch,    and    hence    the 
piston  rises  and  water  flows  from  A  into  B  until  the  pres- 
sure is  restored-      Instead  of  a  weight,  a  spring  is  generally 
used,  or  sometimes  a  weighted  lever. 

Prob-  98.  In  Fig.  98^  let  tfie  house  pipf;  he  one  inch  in  diam- 
eter and  the  pressurt  at  the  gage  be  33  pounds  per  square  inih 
irhen  there  is  no  Sow.  The  distance  from  the  main  to  the  gage 
is  15  feclaad  from  the  gsge  to  ihe  end  of  the  pipe  is  38  feet.  At 
the  end  of  thf^  pipe,  whiih  is  4  feet  higher  than  the  gage,  t  S 
gallons  of  water  are  drawn  per  minute.  Compute  the  pressure 
Vt  thr  gage- 

*  En^nnring  Rpcard,  tgoj,  vul.  47,  p.  111. 
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Art,  99,     Water  Maixs  in  Towks 

The  simplest  case  of  the  distribution  of  water  is  that 
where  a  single  main  is  tapped  by  a  number  uf  ser\-ice 
pi]je5  near  its  end,  as  shown  in  Fig.  99,     In  designing  such 

a  main  the  principal  consider- 
ation is  that  it  should  be  large 
enough  so  that  the  pressure- 
heatl  h^,  when  all  the  pipes 
are  in  draft,  shall  be  amply 
sufficient  to  deliver  the  water 
into  the  highest  houses  along 
the  line.  It  is  generally  recom- 
mended  that  this  pressure-head  in  commercial  and  manu- 
facturing districts  should  not  be  less  than  150  feet,  and 
in  suburban  districts  not  less  than  100  feet.  The  height 
H  lo  the  surface  of  the  water  in  the  reservoir  will  always 
be  greater  than  h^,  and  the  pipe  is  to  be  so  designer!  that 
the  losses  of  head  may  net  reduce  h^  below  the  limit 
assigned.  The  head  h  to  be  used  in  the  formulas  is  the 
difference  H  - ':,.  The  dischai^  per  second  q  being 
known  or  assumed,  the  problem  is  to  determine  the  diam- 
eter d  of  the  main. 

A  strict  theoretical  solution  of  even  this  simple  case 
leads  to  very  complicated  calculations,  and  in  fact  cannot 
be  made  without  knowing  all  the  circumstJinces  regarding 
each  of  the  service  pipes.  Considering  that  the  result 
o£  the  computation  is  merely  lo  enable  one  of  the  m»'u-kt^t 
SIMS  lo  be  selected,  it  is  plain  that  great  precision  cannot] 
be  expected,  and  that  approximate  methods  may  be  use. 
to  givr  a  solution  entirely  satis factor>'.  It  will  then 
assumed  Ihat  the  service  pipes  are  connected  wilh  the  mail 
at  equal  intervals,  and  thai  the  discharge  through  cacj 
is  the  same  under  maximum  draft.  The  velocitv  v 
the   ouin   ihen  decrcises    and    becomes   o   at   the    de 
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«Dd.  The  loss  of  head  per  linear  foot  in  the  length  l^ 
(Fig,  y9)  IS  hervt'c  loss  than  in  i.  To  det<:mnny  the  toUil 
loM  of  bead  in  the  length  /,.  let  i\  be  the  velocity  at  a  dis- 
tant* X  from  the  dead  end;  then  v,  =v^x/l^  and  the  loss  o£ 
head  b  friction  in  the  length  Sx  is 


-JT--  — OX 


^d  hence  between  the  hmits  o  and  ',  that  loss  of  head  is 


A" 


;    I'' 
f  —  —- 


^vided  that  /  remains  constant.  This  13  really  not 
the  case,  but  no  material  error  is  thus  introduced,  since 
i  must  be  taken  larger  than  the  tabular  values  in  order 
to  allow  for  the  deterioration  of  the  inner  surface  of  the 
main.  The  loss  oE  liead  in  friction  for  a  pipe  which  dis- 
ckii^es  uniformly  along  its  length  may  therefore  be  taken 
at  one-third  of  that  which  occurs  when  the  disoharge 
isentir^iily  at  the  emi 

Now  neglecting  the  loss  of  head  at  entrance  and  the 
rfcettve  velocity-head  nf  the  discharge,  the  total  head  h 
is  entirely  consumed  in  friction,  or 

'  d  2g    '  3<i  25 

mg  in  this  for  v  its  value  in  terms  of  Ihe  total  discharga 
g  and  the  diameter  of  the  pipe,  and  solving  for  d,  gives 


d'=y+io 


agnVi 


OS  is  the  same  as  the  formula  of  Art.  93,  except  that  I  has 
replaced  by  J-f  i^i^     The  diameter  in  feet  then  is 

rhen  h  and  /  are  in  feet  and  q  in  cubic  feet  per  second- 
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For  example^  consider  a  village  consisting  of  s.  single 
street  with  length  ^^=3000  feet,  and  t3[H'ti  wlncli  thcro  arc 
too  houses,  each  furnished  with  a  service  pipe.  The  prob- 
able population  is  then  500,  and  taking  100  gallons  per  day 
us  the  coo  sumption  per  capita.  Ihis  gives  for  the  avenigc 
discharge  per  second  along  the  length  l^ 


5oo>Ciwj 


=0-0774  cubic  feel, 


^  7.4BX3600X24 
and  since  the  masimum  draft  is  often  double  of  the 
average,  q  will  be  taken  as  0,15  cubic  feet  per  second.  The 
length  i  to  the  reservoir  is  4^90  feet,  whose  surface  is  90.5 
iect  above  the  dead  end  of  the  main,  and  it  is  required  that 
nnder  full  draft  the  pressure-head  in  the  main  shall  be 
7S  feet.  Then  ^-50.5-75  -15.5  feet,  and  taking  /  =  o.03 
in  order  to  be  on  the  safe  side,  the  formula  gives 

cf  =  0.36  feet  — 4.J  inches, 

Accordinf;ly  a  four-inch  pipe  is  nearly  large  enough  to  sat- 
isfy the  imposed  conditions. 

To  consider  the  effect  of  fire  service  tpon  the  diameter 
of  the  main,  let  there  be  four  hydrants  placed  at  equal  in- 
lor\'als  ninng  the  line  /,,  each  of  which  is  required  to  deliver 
JO  tul^ie  feet  per  minute  under  the  same  pressure-head  of 
J5  fwt.  This  gives  a  discharge  1.33  cubic  feet  per  second. 
Off  in  total,  fl -1.33  +  0.15  —  1,5  cubic  feet.  Inserting  this 
in  Ihc  formula,  and  using  for  /  the  same  \-alue  as  before, 

d=o.8g7  feet  =  10,8  inches, 

Unux-  a  ten-inch  pipe  is  at  least  required  to  maintain  th* 
iwiuiied  preb5ure  when  the  four  hydrants  are  in  full  drafj 
At  Uio  snme  time  with  the  service  pipes. 

Hroli.  Wl,  Compute  the  velodty  v  and  the  pressure-head 
iui  Ihw  uliftve  example,  if  the  main  be  10  inches  in  diameter 
\Uv   dUihargc  he   1  5  cubic  feet   per  second.      Also   when 
niKtn  U  i>  incUcb  in  dianietEr. 
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Art.  100,     Branches  and  Diversioks 

In  Fig,  lOOd  is  shown  a  main  of  length  I  and  rlianreter  d^ 
cofinccied  with  a  storage  reservoir,  which  has  two  branches 
with  len^bs  l^  and  /,,  and  diameters  d^  and  d^  leading  to 


I 


9ia.l00a 

tTSosmalkr  distributing  reservoirs.  These  data  being  given, 
as  also  the  heads  H,  and  //,  under  which  the  flow  occurs, 
it  is  required  to  find  the  discharges  q^  and  ^j.  Let  7'.  i\^ 
and  f'j  be  the  corrcspcmdirig  velocities;  then  for  ]ong  pipes, 
in  which  all  losses  except  those  due  to  friction  may  be 
negiected,  the  friction-heads  for  the  two  branches  are 


where  y  is  the  difference  in  level  between  the  reservoir  sur- 
face and  the  surface  of  the  water  in  a  piezometer  tube 
supposed  lo  be  inserted  at  the  junction.  This  y  is  the 
friction-head  consumed  in  the  flow  in  the  large  main,  and 
bence  from  formula  (3fi)  its  value  is 

Inserting  this  in  the  two  equations,  and  placing  for  the  ve- 
locities their  values  in  terms  of  the  discharges,  they  become 

from  which  9,  and  ^,  arc  best  obtained  by  trial;  although  by 
solution  the  value  of  each  may  be  directly  e\preswl  by  a 
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qtiEi'trutic  equation  in  terms  of  the  given  data,  the  e^^prcs- 
sioijji  lor  q,  and  q,  are  too  complicated  for  general  use. 
\\'hcn  it  ts  rtquirerl  to  determine  the  diameters  from  tThe 
fiVMi  lengths,  heads,  and  discharges,  there  are  three  un- 
known quantities*  d.  d^,  d^.  to  be  founii  from  only  two  equa- 
tions, ard  the  prohbm  is  indeterminate.  If,  however,  d 
btr  assumed,  values  of  d^  and  d^  may  be  found;  and  as  d 
may  lie  taken  at  pleasure,  it  appears  that  an  infinite  num- 
ber of  soluliL-ins  is  possible.  _\nother  way  is  lo  assume  a 
value  of  y.  corresponding  to  a  proper  pressure-head  at  the 
junction:  then  the  diameters  are  directly  found  from 
formula  (93),  for  long  pipes,  in  which  h  is  rephtced  by  y 
Uv  the  large  main,  and  by  H^—y  and  H^  —  y  for  the  two 
branches- 

When  tworcserv'oirs. -4jand.'l„areat  a  higher  elevation 
than  a  third  one  into  which  they  are  to  deU\^r  water  hy 
jM|>es  of  lengths  l^  and  l^,  both  of  which  connect  with  a 
third  pipe  of  length  /  which  leads  to  the  third  reservoir,  the 
al»ove  formulas  also  apply.  In  this  case  H,  and  H,  are 
the  heights  oi  the  water  levels  in  the  reservoirs  A^  and  .4, 
above  that  in  tiie  third  reservoir. 

When  the  principiil  main  of  a  water-supply  system 
enters  a  town,  it  divides  into  branches  which  deliver  the 
wiitLT  to  difTerent  districts,  and  when  such  branches  con- 
nect again  with  the  principal  main  they  form  what  may 
br  callrd  "diversions."  Fig,  iOOb  shows  a  simple  ease, 
A  Ix'Jni;  the  reservoir  and  AB  the  principal  main,  while 
llir  pifK-  lines  BCE  and  BDE  form  two  routes  or  iliversicms 
llm>UKh  which  water  can  flow  to  F.  Let  the  main  AB 
hwvr  tilt-  length  /  and  the  diiimeter  d,  the  line  BCE  the 
Imij^th  /,  and  the  diameter  J,,  the  line  BDE  the  length  t, 
eiml  the  diameter  d^,  while  the  line  EF  has  the  length  i, 
And  Iho  diameter  J,,  Suri>ose  that  no  water  is  drawTi 
Irtit^t  ihi'  ]iipes  except  at  F  and  beyond,  that  the  jTressiire- 
UvnA  i'l  at  F  is  /j„  and  that  the  static  head  F/,  on  F  is  Ji, 
«(td  If't  it  be  required  to  find  the  v-elocity  and  discharge 
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!or  each  of  the  pipes.  The  total  head  H  lost  in  friction  is 
li-Ji,,  and  if  W,  \\\,  W^.  and  11',  represent  the  weightsof 
\tater  that  pass  any  sections  of  the  four  pipes  per  second, 


D 


■y 


Fig,  loofr 


the  theorem  of  energy,  neglecting  the  entrance  head  at  A 
and  the  velocity-head  at  F.  gives 

'dig        ^M,  2g         ''^djzg         ^*d^2g 

Ko^  referring  to  the  figure  where  piezometers  are  shown 
on  the  profile  at  B  and  E  it  is  seen  that  the  loss  of  head 
in  friction  is  the  same  for  the  diversions  BCE  and  BDE; 
acccFfdiugly  there  must  exist  the  condit'on 

^^d,2g      f'd,2g 

and  sbce  IK  equals  IV,  4-  IV^  and  also  equals  W^.  the  above 
^°^^  equation  reduces  to  the  simple  form 

Tj^e  values  of  v^  and  v^  in  terms  of  v  are  now  to  be  inserted 
in  this  equation  in  order  to  determine  v.  From  the  con- 
t?3lions  of  continuity  of  flow  and  that  of  equality  of  friction- 
Jicad  in  the  diversions,  are  found  three  equations, 
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and  accordingly,  if  the  square  roots  of  the  quantities  ijjd^ 
and  jjjd^  be  called  r,  and  i\  for  the  sake  of  ab  tire  via  lion, 


d* 


".=5^ 


*,J* 


"'-^A'  +  '.'-J," 


The  above  fonnula  for  H  then  reduces  to 

fnmi  which  V  can  be  computed.     'l"hen  v^,  v,,  and  f,  may 
be  found,  as  also  the  discharges  q.  q,,  q^,  and  q^. 

As  a  numerical  example,  let/-  loooo,  J^  — aaoo,  i^  =  a&oo, 
/,  =  i2O0  feet,  and  J  =  iJ<  Jj  =  8,  i/,  =  io,  if,=  io  inches:  let 
F  be  1^4  feel  lielow  the  water  level  in  the  reservoir  and™ 
let  the  required  pressure-head  at  F  be  155  feet,  so  thatB 
H  — 19  feel.  Taking  for  the  friction  factors  the  mean  value 
0.03  (Art.  86),  the  value  of  fhd  is  300.  that  of  S^ljd^  is  66, 
thiit  of  y-;'-ij  is  O7-2.  and  that  of  j^Jd^  is  28.8.  The  value 
of  tf^is  then  S,ij  and  that  of  i,ia  8.20,  while  li/^f,  is  i,j.  In- 
serting thest  in  the  last  formula,  there  is  found  ^  =  3.45  feetj 
]»er  second;  then  f,  — j.t6.  v,  — 2.14.  and  t'j-=3.53  feet  per 
second.  As  a  clwck  on  these  results  the  friction-beads  for 
the  four  pipes  may  be  computed,  and  th^esc  are  found  to 
be  t8.f>  feci  for  /.  4,8  feet  fof  l^  and  i,.  and  5.5  feet  for  /,: 
the  sum  of  these  is  2S.9  feet,  which  is  a  sufficiently  close 
J4:rrcmcni  v>r\\\\  the  given  jq.o  feet  for  a  preUminary  com- 
putJition.  The  dischax^rs  arc  ^*^,  =  1-93-^1  =0,75, 9,-1. 18 
khic  ivtK  |*pr  Sft^md.  and  the  som  of  q^  and  q^  equals  cj. 

i^hmilit  be  the  cos^.  Th«  cccnputatioa  may  now  be 
n>ttt\att.\l,  if  4boii£ht  necessary,  the  above  velocities  being, 
u*v\t   tn   mkv   Inciter  \'alties  o(  the   friction   factors   fromi 

Thnr  anf  niarkevl  analopes  between  the  flow  of  water) 
in  |)k|>o«  rttvl  ihc  rtow  <4  electricity  in  metallic  conductors. 
Th^i*  iit  KtR  hlft^  let  HkE  and  BDE  be  t*x>  w^res  that 


AiThUIO 
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cany  (he  electric  cuircTit  passtrg  from  A  to  F.  Tf  C,  and 
Cj  be  the  currents  in  these  circuits  and  i?,  and  R,  the  resist- 
ances of  the  wires,  it  is  an  electric  law  that  R^C^  '^^Rfi^, 
or  the  currents  are  inversely  as  the  resistances.  For  water 
Ihe  discharges  ?,  and  g,  are  analogous  to  the  electric  cur- 
ious, and,  from  the  above  equation  which  expresses  the 
.  KjuaHly  of  the  frictioo-heads,  it  is  seen  that 

and  accordingly  the  same  law  holds  if  the  coefficients  of 
9,  and  q^  be  called  resistances.  If  there-  be  a  third  diver- 
sion BGE  of  length  i,  and  diameter  d^  connecting  B  and  E, 
the  current  or  the  discharge  through  AB  divides  between 
tbe  three  diversions  according  to  the  same  law,  and 

^*d,2g         ^Q,2g         %2i 

&om  wliich  it  is  seen  that  (fJt/d^^jlq^  is  equal  to  each  of  the 
COTTesponding  expressions  for  the  other  diversions.  This 
subject  V.T.U  recei^'e  further  discussion  in  Art,  193. 

Proh.  100a.  In  Fig.  \Wa  let  '/,  =  o.s  and  ^1  =  0.4  cubic  feet 
per  second;  H^  =  140  and  //,  =  135  feet;  i^  =  ^Slo.  ^  =  2455.  and 
i=  I  2  3t4  feet.  H  d,  equals  dj  tind  the  values  of  d  and  1/,,  and 
aiao  the  pres5ure-head  at  the  junction  if  its  depth  below  the 
reservoir  level  is  108  feet. 

ProL.  1006.  Connecting  two  points  M  and  A'  there  are  three 
diversions  having  the  lengths  /,,  J^.  I^  and  the  diameters  if,.  J,,  li,. 
U  q  he  the  loial  discharge  o£  the  three  pipes,  show  that 

in  which  D  represents  the  tjuantity  ^^id^^-^e^c^d^'+t^e^j',  while 
„  f„  I-,  are  the  square  roots  of  fi^/i^,\  y^/'^^  /jV^s* 


V 


Prob,  lODe,  From  a  reservoir  .4  a  pipe  10  000  feel  long  and 
t6  inches  in  diameter  nins  to  a  point  B  from  which  two  diver- 
sions lead  to  E.  The  diversion  BCF  is  1600  feet  long  and  to 
iQches  in  diameter^  while  BDE  coasLsts  of  3000  feet  of  lo-inch 
pipe  and  1 500  feet  of  S-inch  pipe.     From  the  junction  E.  a  pipe 
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EF,  looQ  feet  long  and  1 2  inches  m  cfi^tnetir,  kads  lo  the  bttsi- 
nt^ss  5i^ction  cf  the  town,  wbei«  it  i^  desired  to  lia:re  ijoor  fixe 
Airc&m^  deliver  b  total  discharge  of  900  eaUoos  prr  "**Tmtt» 
through  four  hose  lines  of  i^-ipch  smootb  rubber-lifked  boM 
and  i|-mch  smoath  T\otz]G5.  The  point  F  is  iSo  ^et  below 
Ihv  wuttr  level  in  Lbe  rei^ervoir.  Compute  thie  vdocity  and  dn- 
ch*rKe  lor  each  pipe  and  hose  line,  the  pies%ui«-bcMl  A  f , 
llie  friction-head  lost  in  each  pipe  and  hose  line 


Art.  101,     RivETRD  and  Wood  Pipes 

Large  pipes  are  sometimes  made  of  wrought  trrm  or 
ItMl  plates  nveted  together.  Each  section  tisoaHf  con- 
flstA  of  a  single  plate  which  is  bent  into  the  circular  form 
anil  the  edges  united  by  a  longitudinal  riveted  lap  joiol. 
The  difTercnt  sections  are  then  riveted  together  m  txans- 
verwj   joints   so  as  to  form   &   continuous  pipe.     At   AB 


^r^^^-4i 


Fig    ( oi 

b  ihown  tliC  Bo<alkd  taper  joint,  where  the  end  of  each 
Mvn<}i^  K*wi»  i»to  the  end  of  the  following  one,  as  in  a 
■lovc-pipc,  the  flow  occurring  in  the  direction  from  .4 
V(i  /f,  At  CD  is  seen  the  metliod  of  cjlinder  jomts  where 
IIkj  mitiona  are  alternately  larger  and  smaller.  For  the 
luv|fc  itiws  double  rosvs  of  rivets  are  used  both  in  the 
liii»aitutlliial  and  transverse  joints.  Riveted  pipes  have 
fj^\  been  built  with  butt  transverse  joints,  a  lap  plate 
tvtuif  UAC<1  on  the  outsiiie. 

I'ipi^N  of  this  kind  have  long  been  in  use  in  California 
III  l^iniwirary  mining  operations,  the  diameters  being 
htilli  ^  S  tf»  i^S  feet.  In  1S76  one  was  laid  at  Rochester, 
N.  V,.  juirtly  a  and  partly  3  feet  in  diameter.  Since  i6gj 
iSWrtil  linea  of  large  diameter  have  been  constructed, 
liuUMv  H^c  ^^"^  Jersey  pipe  of  3.  3.5.  and  4  feet  diameter. 
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the  Allegheny  pipe  of  5  £eet  diameter,  and  the  Ogden  pipe 
of  6  feet  diajneter. 

Owing  to  Iht-  friction  of  the  rivets  and  joints  the  dis- 
charge of  such  riveted  pipes  is  less  than  that  of  common 
cast-iron  pipes.  The  loUowing  values  of  the  friction 
factor  /,  which  have  been  derived  from  the  data  given 
by  Hei'schel.*  are  applicable  to  new  clean  riveted  pijjes. 
coated  in  tlie  usual  intinner  with  aaphalttim : 

Velocily.fwt  perw*ond.  1,-1  7  5  4  a  6    . 

_    ,      ,       I       .J     (  f'    (liarn  ,     f^o^o^;"^     D.D39     o.ojj.     o,o?i     o.ojiy     udi/ 
Cylindcrr  JomtB)    ^  f ,    ji^^i       ^-aosj     opjj     o,dzo     o.ojo     0.021     o.ojt 

i  3^  ft,  diaid,,     f— o.a;?     0.013     D.o~?     o.o^r     o.aji     a^oaa 
i    4  f ■-  diJiEL.,    /•Eo,o?7     o  o}6     n^oij     0,074     ^^("3     0,033 
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These  friction  factors  are  approximately  double  the  values 
given  for  new  cast-iron  pipes  in  Table  33,  this  increase 
being  mostly  due  to  the  friction  of  the  rivet  heads.  It 
should  be  noted  that  these  friction  factors  increase  ^^dth 
age.  Herschers  gagings  showing  that  after  four  years'  use 
the  cylinder  pipe  of  4  feet  diameter  gave  /  — 0.034  for 
I'^i,  /  — 0,078  for  v  =  2,  and  f  ^0.016  for  v  greater  than 
3  feet  per  second.  In  designing  a  pipe  au  allowance 
should  be  made  for  this  fact. 

B  Gaging  by  Marx,  Wing^  and  Hoskinsf  of  the  flow 
through  a  steel-riveted  pipe  6  feet  in  diameter  with  butt 
jnints.  when  new  and  again  after  two  years'  use,  furnish 
the  following  values  of  the  friction  factor  /  corresponding 

Blo  several  velocities  in  feet  per  second ; 

These  also  show  that  the  roughness  of  the  surface  materially 
increases  with  time. 

•  ]I5  Eipcrittimti  dn   Ibc  Cfltrying  C!Hpdnly  cf  Large.  Riveted,  Metal 
Condml*      New  Vorli,  1H97. 

t  TnuiftcTions    Arntiican    Society    of   Civil    EnginEer?,    iS^S,    vol,    40, 
p.  471  i  am}  1^00,  vul,  44,  p,  34. 
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Wood  pipes  were  used  in  se\'eral  American  cities  during 
the  years  1750-1B50.  these  ]>eing  made  of  logs  laid  end 
to  end,  a  h*^le  ^  or  4  inches  in  diameter  l^a^^^g  been  first 
bored  through  each  log.  Pipes  fcirmed  of  redwoixi  siavts 
were  fust  used  in  CaHfomin  about  iSSo.  these  stav-es 
being  held  in  place  by  bards  of  wrought  iron  arranged 
so  that  they  could  be  tightened  by  a  nut  and  screw.  Sev- 
eral long  lines  of  these  large  conduit  pipes  have  beea 
built  in  the  Rocky  mountains  and  Pacific  slates,  and 
thoy  have  also  been  used  there  for  city  water  mains  to  a 
lioiited  extent. 

■      h 

Gagings  of  a  wood  pipe  6  feet  in  diameter*  we  re  made 
by  Marx,  Wingn  and  Hoskina  in  connection  with  those  of 
the  steel  pipe  cited  above.  The  values  of  the  friction 
factor  /  deduced  from  their  results  for  velocities  ranging 
from  1  to  5  feet  per  second  arc  as  follows: 


Velocity, 

D—        I 

3 

3 

4 

*S97, 

^— O^Djfi 

0.019 

0,01 ; 

0.01* 

1H99. 

f— 0.019 

o.oeB 

0.017 

0.0 1 7 

O.OfJ 

These  show  that  this  wood   pipe   bet^me   smoother   after 
two  years'  use,  while  the  steel  pipe  became  rougher. 

Noble's  gagings  of  wood  pipes  3,67  and  4.51  feet  in 
diameter  furnish  similar  values  of  /,*  Tor  the  smaller 
pipe  /  ranges  from  0.021  to  o.otq,  with  velocities  ranging 
from  ^.f,  to  4.S  feet  per  second.  For  the  larger  pij>e  / 
ranges  from  o.oig  to  0.016,  with  velocities  ranging  from 
3.3  to  4-7  feet  per  second.  From  Adams"  measuremenls 
on  a  pipe  1.17  feet  in  diameter  the  values  of  /  range  from 
0.027  ^^  o-o^.  ^'^'^  velocities  ranging  from  0.7  to  1.5  feet 
per  second.  Noble's  discussion  of  all  the  recorded  gagiiigs 
on  wood  ])ipes  show  certain  unexplained  discrepjincies, 
and  he  proposes  special  empirical  formulas  to  be  used 
for    precise    computations.     \\"ooden     stave    pipes     after 

•  Transclkmi    Ainttican     Soacty   of   Civil    liiig;in«n^    1902,    voL   49, 
pp.  Itl>  MJ- 
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bdig  jn  service  some  time  may  undergo  considerable 
fllterdtion  in  form,  as  the  circle  is  apt  to  be  (leformed 
into  an  ellipse. 

By  the  help  of  the  formulas  of  the  preceding  pages, 

compulations  for  the  velcx"ity  and  discharge  of  steel  ari! 

wood   pipes    under   given    heads    may    be    readily    made- 

.\s  such  pipes  are  generally  long  the  formulas  of  Art-  IJ3 

will  usually   apply.      In   designing  a   steel   pipe   a   hberal 

factor  of  safety  sliould  be  introduced  by  taking  a  value 

of  /  suflicitntly   large  so  that   the  discharge  may  not  Ix; 

found  deficient  after  a  few  years'  use  has  deteriorated 

its  Eurface. 

ProU  lOJa.  Find  the  dianieteT  of  a  riveted  pipcn  ten  miles 
long.  iQ  deliver  30  million  gallons  per  day  under  a  head  of  JOj-O 

Prob.  lOlb.  What  is  the  discharge,  in  ga-llona  per  day^  of  a 
wood  stave  pipe  5  feet  in  diameter  when  the  slope  of  the  hy- 
draulic gradient  is  47-S  feet  per  mile? 


Art.  nn.     FjRE  Hose 


LFire  hnse  is  generally  ^J  inches  in  diameter,  and  lined 
th  rubber  to  reduce  the  frictional  losses.     The  following 
values  of  the   friction   factor  /   have   been   deduced   from 
^hfche  esperiments  of  Freeman* 


IS 


io 


W'locity  in  rptfl  peiKCond,  i'=     4 

Uotincd  linen  how,  /-o.d^S  o.n^a  o-Oj?  0.03s  0,034 

ftinigh  ruhher-tincd  cnlion^  f —o.oja  0,03]  0,031  ^03°  n.039 

SmoDlh  mhbrr-linnl  <ru1ti]n,  f— 0.024  o.oij  0.031  0019  o.aiS 


5*  '5.^         a^o        y)6 

By  the  help  of  this  table  computations  may  be  made 
Of!  flow  of  water  through  fire  hose,  in  the  same  manner  as 
ftjT  pipes.  It  is  seen  that  the  friction  factors  for  the  best 
hofic  are  slightly  leas  than  those  given  for  2j-inch  pipee 
m  Table  33, 

*Tn«tfflctions    AmFTit:an    Society    uf    Civil    Engin^rS,    iS9g,    vol,   Ji 
FP-  J03,  M*' 
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When  tlie  hose  line  runs  from  a  steamer  to  the  nozzle, 
instead  ot  from  a  ri'servoir.  the  head  h  is  that  due  to  the 
pressure  p  at  the  steamer  pump  (Art.  II).  If  this  hose 
line  is  nf  uniform  diameter  the  velocity  in  the  hiKe  and 
nozzle  may  be  computed  by  Art,  97  and  the  discharge  is 
then  readily  found.  For  example,  let  the  ho&e  be  aj 
inches  in  diameter  and  400  feet  long,  the  pressure  at  the 
steamer  be  100  pounds  per  square  inch,  which  corresponds 
to  a  head  of  -^30. 4  feet,  and  the  nozzle  be  i^  inches  in 
diameter  with  a  coefficient  of  velocity  of  0.9S.  Then, 
neglecting  the  loss  of  head  at  entrance,  and  using  for  / 
the  value  003.  the  velocity  from  the  nozzle  is  found  to 
be  66-0  feet  per  second,  which  gives  a  velocity-head  of 
67.7  feet  and  a  discharge  of  180  gallons  per  nlinute.  The 
head  lost  in  friction  is  230.4  —  67.7  =  163,7  feet,  of  which 
a. 8  feet  is  lost  in  the  nozzle  and  the  remainder  in  the  hose 

Sometimes  the  hose  near  the  steamer  is  larger  in  diam- 
eter than  the  remaining  length.  Let  /,  be  the  kngth  and 
rf,  the  diameter  of  the  larger  hose,  and  /^  and  d^  the  same 
quantities  for  the  smaller  hose.  Let  c,  be  the  coefficient 
of  velocity  for  a  smooth  nozzle,  D  its  diameter,  and  V  the 
velocity  of  the  stream  issuing  from  the  nozzle.  By  reason- 
ing as  tn  Arts.  S9  and  ft",  and  neglecting  losses  of  head  at 
entrance  and  in  curvature,  there  is  found 


V-    ^ 


2gh 


>Ai?y^"¥M^^ 


(loa) 


and  the  discharge  is  given  hy  q=irD^V.  For  example, 
let  Jj=  230.4,  ;,-ioo,  /,=ioo  feet;  ^,-3.  d^'^s.^,  f?- 1,125 
inches;  c,  =0.98,  and  /,  =/,=^o.03.  Then,  by  the  formula, 
V-6g.7  feet  per  second.  wWch  gives  a  veloctty-head  of 
75.5  feet  and  a  discharge  of  190  gallons  per  minute.  This 
example  is  the  same  as  that  nf  the  preceding  paragraph, 
except  that  a  larger  hose  is  used  for  one-fourth  of  the  length. 
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iiinl  tI  is  seen  thai  its  efiecl  is  to  increase  the  velocity-head 
ncatiy  12  percent  and  the  discharge  nearly  6  percerl.  For 
Uiiscase  the  head  loet  in  iriclion  is  154-g  feet,  of  which  3.1 
ifPi  is  lost  in  the  nozzle  and  the  retnaind^n-  in  the  hose. 

In  lamg  the  above  formtila  the  lip  of  the  nozzle  is  sup- 
posc<3  I o  be  on  the  same  level  with  the  pressure  gage  at 
lie  steamer  pump  and  the  liead  h  is  given  in  feet  liy  3.304^, 
wber^  p  be  the  gage  reading  in  pouads  per  square  inch, 

if  the  tip  of  the  nozzle  ia  a  \ertica]  distance  z  above  this 
^^,  ft  is  to  be  replaced  by  h-s  ixi  the  formula ;  if  it  be 
the  same  vertical  distance  below  the  gage,  Ji  is  to  be  re- 
placed hy  k-\'Z.     In  the  former  case  gravity  decrtases  and 
in  tbe  btter  case  it  increases  the  velocity  and  disch.irge. 
The  above  formula  applies  also  to  the  case  of  a  hose  con* 
nected  to  a  hydrant,  if  ft  be  the  effective-head  at  the  en- 
trance, that  is,  the  pressure-head   plus  the  velocity-head 
in  the  hydrant.     In  Art.  192  will  be  found  further  dis- 
cussions regarding  pumping  through  lire  hose. 

t      Prob-  J02ii.  For  the  above  oumeticaL  examples  compute  the 
fcead  loKt  in  the  how  and  that  lost  tu  the  nozdc. 

IProb-  102b.  When  the  pressure  gage  at  the  steamer  indi- 
cates 83  pounds  per  ^quarEr  inch,  a  guge  on  the  leather  hose  fioo 
fe^t  distant  readE  2^  pounds.  Compute  the  VLilue  of  Llie  friction 
factor  f.  the  discharge  per  minute  being  in  galluns.  ff  the 
second  gage  be  at  the  entrance  to  a  li-mch  noszle, compute  its 
cocffjoent  of  velocity. 

Prob.  \U2c.  At  a  hydrant  of  diameter  ifj  the  pressure-head 

k,.     To  this  is  attached  a  hose  of  length  i  and  diameter  d^ 

id  to  the  end  of  the  hose  a  noizJe  of  diameter  D  and  velc>city 

icieiit  c^.      Neglecting  losses  at  entrance  and  in  curvature 


K- 


wr*v-{d' 


the  formula  for  computing  the  velocity  of  the  jet  issuing  from 
te  nozzle  when  its  tip  is  held  at  the  same  level  as  the  gage  that 
Ldi4-ate«  the  pressiire-head. 
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Art.  103.     Other  Formulae  for  Flow  in  Pipes 

The  formulas  thus  far  presented  in  this  chapter  arc 
based  upon  the  assumption  that  all  losses  of  head  vaiy 
with  the  square  of  l!ie  velocity,  This  is  closely  the  case 
for  the  velocities  common  in  engineering  practice,  but  for 
velocities  smaller  than  0,5  feet  per  second  the  losses  of 
head  due  to  friction  have  been  found  to  vary  at  a  ]eFs 
rapid  rate,  and  in  fact  nearly  as  the  first  power  of  t!ie 
velocity.  Probably  at  usual  velocities  the  loss  of  head  in 
friction  is  composed  of  two  parts,  a  small  part  van-ing 
directly  with  the  velocity  which  is  due  to  cohesive  resist- 
ance along  the  surface,  and  a  lar^e  part  varying  as  the 
square  of  the  velocity  which  is  dtie  to  impact  as  illustrated 
in  Fig.  86.  This  was  recfigniaed  by  the  early  hydra ulicians 
who,  after  defining  the  friction-head  and  friction -factor 
as  in  {86),  by  the  formula 

endeavored  to  express  f  in  terms  of  the  velocity  v.     Thus, 
D ' Aubisson  deduced 

,  0,00484 

;  =  0.0369+' — - — ■ 

and  Weisbach  advocated  the  form 


/  =  o,oi44  + 


0,0017a 


Darcy.  on  the  other  hand,  expressed  /  in  terms  of  d,  namely, 

^  0.00167 

/ =0,0199  +  — 5 — 

All  these  expressions  are  for  English  measures,  v  beinfj  in 
feet  per  second  and  d  in  feet.  Later  investigations  show, 
however,  that  /  varies  with  both  v  and  d,  and  the  best  that 
can  now  be  done  js  to  tabulate  its  values  as  in  Table  33, 
In  fact  it  may  be  said  that  the  theory  of  the  (low  of  water 
in  pipes  at  common  velocities  is  not  yet  well  understood. 
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Many  attempts  liave  been  made  to  express  the  velocity 
of  flow  in  a  long  pipe  by  an  equation  oE  the  form 

v^a  dHh/ty 

b  which  a.  ^,  and  ^  are  to  l)t  clctermined  from  experiments 
b  which  V,  d,  h,  and  /  have  been  measured.  The  es- 
pcmeatifll  formula  deduced  by  Lampe  for  clean  cast-iron 
pipes  varying  in  diameter  from  one  to  two  feet  is 

v~T].7d''-^°*{h/l)°-"'  (103) 

in  which  d.  h.  and  /  are  to  be  taken  in  feet,  anti  v  will  be 

I  found  in  feet  per  second.     Frcm  tliis  are  derived 
by  which  discharge  and  diameter  may  be  computed.     Other 
mvestigators  find  different  values  of  fi  and  y,  the  values 

»,9-J  and  r=i  being  frequently  advocated. 
The  formula  of  Chezy  (Art.  106).  that  of  Kutter  (Art. 
Ill),  and  that  of  Bazin  (Art.  115)  are  frequently  used  for 
the  discussion  of  long  pipes,  tare  being  taken  to  select  the 
proper  value  of  c  for  the  Erst,  of  rt  for  the  second,  and  of 
;m  for  the  third.  In  some  cases  the  use  of  the  formulas  of 
Kutter  and  Bazin  is  more  advantageous  than  those  of  the 
prt^ceding  cases,  because  they  enable  the  influence  of  the 
roughness  of  the  surface  to  be  better  taken  into  account, 

^P  The  formulas  of  this  chapter  do  not  apply  to  very  small 
pipes  and  very  low  velocities,  and  it  is  well  known  that  for 
such  conditions  the  loss  of  head  in  friction  varies  as  the 
first  power  of  the  velocity.  This  was  shown  in  i34j  by 
Poiseuille  who  made  experiments  in  order  to  stiidy  the 
phenomena  of  the  flow  of  blood  in  veins  and  arteries.  For 
pipes  of  less  than  0.03  inches  diameter  he  found  the  head  h 
to  be  given  by  h  —  CJv/d^.  where  C,  is  a  constant  factor  U~rt  a 
given  temperature,  v  is  the  velocity,  d  the  diameter,  and  / 
the  length  of  the  pipe.     Later  researches  indicate  that  the 
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laws  expressed  by  this  equation  also  hold  for  large  pipes 
provided  the  velocity  he  very  small,  and  that  there  is  a 
certain  critical  velocity  at  which  the  law  changes  and  beyond 
which  h  =  C^iv'/d.  as  far  the  common  cases  in  engineering 
practice.  This  critical  point  appears  to  be  that  where 
the  filaments  cease  to  move  in  parallel  lines  and  where  the 
impact  disturbances  illustrated  in  Fig.  86  begin.  For  a 
very  small  pipe  the  velocity  may  be  high  before  this  critical 
point  is  reached;  for  a  large  pipe  it  happens  at  ^ery  low 
velocities.  Experiments  demised  by  Reynolds  enable  the 
impact  disturbance  to  be  actually  seen  as  the  critical  veloc- 
ity is  passed,  so  that  its  existence  is  beyond  question.  It 
may  also  be  noted  that  the  velocity  of  flow  through  a  sub- 
merged sand  filter  bed  varies  directly  as  the  first  powei  of 
the  effective  head. 

Prob.  103.  Solve  Problems  90  and  91  by  the  use  of  the  above 
formula!)  of  Lampe. 


Abt,  104,     Computations  in  Metric  Measures 

Nearly  al!  the  formulas  of  this  chapter  are  rational  in 
form,  the  coefficient  of  velocity  c^,  the  factors  /  and  f^,  and 
the  factors  m.  m,,  tii^,  and  ni'  are  abstract  numbers  and  may 
be  used  in  any  system  of  measures. 

(Art,  S6)  The  mean  value  of  the  friction  factor  /  is 
o,oa,  and  Table  31  gives  closer  values  correspomling  to 
metric  ailments.  For  example,  let  t  —  3000  meters, 
J  =  jo  centimeters  =0.3  meters,  and  i"  — 1.75  meters  per 
second-     Then  from  the  table  /  is  0,02a,  and 


h" 


■o.o2aX-- X      '^ 


34.3  meters 


0-3    "     i9'6 

which  is  the  probable  loss  of  head  in  friction.  By  the  use 
of  Table  36  approximate  computations  may  be  made  more 
rapidly;   thus  for  this  case  the  loss  of  head  for  too  meters 
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rfpipe  is  found  to  be  :-io  meterSj  htinct*  far  3000  meters 
the  bss  of  head  is  ^^  meters. 

(An.  90)     The  metric  value  of  i^iVag  is  3,477    and 
that  of  8/re'g  is  0.2653. 

(Art.  91)  When  (91)  ts  used  in  the  metric  system  the 
'constant  o,478f)  is  to  be  replaced  by  o.&o75;  here  q  is  to 
b£  m  cubic  meters  per  secundf  and  /  and  ti  in  meters. 

(Art.  933  In  (93)j  the  two  constants  arc  4.43  and 
3,48  instead  of  8,0a  and  6.30.  In  (93),  the  constant  la 
O-607  instead  of  0.479. 

(Art-  101)  The  friction  factors  /  for  steel  and  worx! 
pipes  may  be  taken  for  metric  argiiments  by  using  the 
vcl*Kities  in  meters  per  second,  namely,  by  writing  o.j, 
0.6,  0.9,  I, J,  i-S,  1,8  meters  per  second,  instead  of  i,  2, 
3,  4*  5,  6  feel  per  second. 

(Art,  102)  For  fire  hose  the  values  of  the  friction 
factor  /  for  metric  data  are  as  follows,  for  hose  6.35 
centimeters  in  interior  diameter: 


Veludty,  metert  per  second,  p— i.Ja  i.Si  3,05  4,^7  6,10 

llnJiced  IJoca  bwc,                  f—a.o^i  0.03S  0.037  ^-^35  °-^4 

RmiCh  rubbfT-Hn^d  rnirnn.     J^o.ayi  ftrO^i  O.031  O.O30  0.OJ9 

Smoalh  Tufabo-'liocd  cnltob,   f—a.oi^  o.ai^  o^aii  o.arcf  o,qiS 

DiKhar^.  Ultn  p«r  minulc,              J93  J48  379  871  1158 


^B      {Art.  103)     In    the    metric    system  the    formulas    for 
^  the   friction  factor  f  are  the  same  as  those  in  the  text, 
except  that  the  numerator  of  the  last  term  is  to  be  divided 
by   3.28  in   the  formuliis  of   D'Aubisson  and   Darcy   and 
by  i-Si  in  that  of  Wci^bach      Lampe's  formula  is 

v-54,ni'*«*(ft//)'^'"s 

and  his  fonnulas  for  dischai^  and  diameter. arc 

^-=42,5^'  ^*{h/D''^i*  d-o.fl49^-*'^(W'  "°* 

in  which  d.  h.  and  I  are  in  meters,  v  in  meters  per  second, 
^nd  "^  in  cubic  meters  per  second. 
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Prob.  104a.  Compute  the  diameter,  in  centimeters,  for  a 
pipe  to  deliver  joo  liters  per  minute  under  a  head  of  a  meten, 
when  its  length  is  loo  meters.  Also  when  the  length  is  jodo 
ineters- 

Prob.  1046.  Compute  the  velocity-head  and  discharge  for  a 
pipe  I  meter  in  diameter  and  856  meters  long  under  a  head  of 
64  meters.  Compute  the  same  quantities  when  a  smooth  nozzle 
5  centimeters  in  diameter  is  attached  to  the  end  of  the  pipe, 

Prob.  I04c.  A  compound  pipe  has  the  three  diameters  15, 
20,  and  30  centimeters,  the  lengths  of  which  are  150,  600,  and 
430  meters.     Compute  the  discharge  under  a  head  of  j6  meters. 

Prob.  104d.  A  steel  riveted  pipe  1.5  meters  in  diameter  is 
7500  meters  long.  Compute  the  velocity  and  discharge  under 
a  head  of  30.5  meters. 

Prob.  104^-  The  value  of  Ci  in  Poiseuille  's  formula  for  small 
pipes  is  0.0000177  for  English  measures  at  10**  centigrade.  Show 
that  its  value  is  0,0000690  for  metric  measures. 

Prob.  104/.  In  Fig,  1006  let  the  pipe  AB  be  3000  meters  long 
and  30  centimeters  in  diameter,  BCD  be  800  feet  long  and  30 
centimeters  in  diameter,  BDE  be  looc  feet  long  and  20  centi- 
meters in  diameter,  and  EF  be  300  meters  long  and  jo  centi- 
meters in  diameter.  Compute  the  velocity  and  discharge  (or 
each  pipe  when  the  total  lost  head  H  is  12,5  meters. 
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CHAPTER  IX 
FLOW  IN  CONDUITS  AND  CANALS 

Art.  105-     Defistittons 

Vtooi  the  earliest  times  water  has  been  convej-ed 
from  place  to  place  in  artificial  channels,  such  as  trouglis, 
aqoe^ucts,  ditches,  anct  canals,  there  h<>ing  no  head  to 
cauK  the  flow  except  that  due  to  the  slope.  The  Roman 
nqucducts  were  usually  rectangular  channels  about  aj 
fwt  wide  and  5  feet  deep,  lined  with  cement,  sometimes 
miming  underground  and  sometimes  supj.forLei.1  on  arches. 
The  word  "conduit"*  will  be  used  as  a  general  term  for 
a  channel  of  anv  shape  hncd  with  limber,  mortar,  or 
masonry,  and  will  also  include  lar^e  metal  pipes,  troughs, 
and  sewers.  Conduits  may  be  either  open  as  in  the  case 
of  troughs,  or  cloeeii  as  in  sewers  and  most  aqueducts. 
Ditches  ^nd  canals 'are  conduits  in  earth  without  artificial 
lining.  Most  of  the  principles  relating  to  conduits  and 
canals  apply  also  10  streams,  and  the  word  channel  will 
be  used  as  applicable  to  all  cases.     . 

•I  The  wetted  perimeter  of  the  cross-section  of  a  channel 
is  that  part  of  its  bounciar}'  which  is  in  contact  with  the 
water.  Thus,  if  a  circular  sewer  of  diameter  d  be  half 
full  of  water  the  wetted  perimeter  is  ind.  In  this  chapter 
the  letter  p  wiU  designate  the  wetted  perimeter. 

tThe    hydraulic   radius   of   a    water   cross-section   is   its 
^a   divided   by   its   wetted   perimeter,   and  the   letter  r 
ill  be  used  to  designate  it.      If  a  be  the  area  of  the  crosa- 
section,  the  hydraulic  radius  is  found  by  ft 
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The  letter  r  is  of  frequent  occurrence  in  formulas  for  the 
flow  io  channels;    it  is  a  linear  quantity  which  is  always 

expressed  in  the  same 
unit  as  p  and  hence  its 
numerical  value  is  dif- 
ferent" in  different  sys- 
tems of  measures.  It  is  frequently  called  the  hydraulic 
dejjth  or  hydraulic  mean  depth,  because  for  a  shallow 
section  its  ^^alup  is  but  little  less  than  the  mean  depth 
of  the  water.  Thus  in  Fig,  105,  if  fc  be  the  breadth  on 
the  water  surface,  the  mean  depth  is  a/b.  and  the  hydraulic 
radius  is  j//*;  and  these  arc  nearly  equal,  since  p  is  but 
sh^htly  larger  than  b- 

The  hydraulic  radius  of  a  circular  cross-section  filled 
witb  water  is  ore-fourth  of  the  diameter:  thus 


f-a/p-ii:d*/jtd  =  ld 


LOn  ■ 


The  same  value  is  also  applicable  to  a  circular  section 
half  filled  with  water,  since  then  both  area  and  wetted 
perimeter  are  one- half  their  former  values. 

The  slope  of  the  water  surface  in  the  lon^'^iludinal 
sectkm,  desij^matcd  by  the  letter  s.  is  the  nilio  of  the  fall 
h  to  the  length  I  in  which  tliat  fall  occurSj  or 

The  slope  IS  lience  expressed  as  an  abstract  number,  whici: 
is  intlependent  of  the  system  of  measures  employed- 
To  determine  its  value  with  precision  h  must  be  obtained 
by  referring  the  water  level  at  each  end  of  the  line  to  a 
bench-mark  by  the  help  of  a  hook  gage  or  other  accurate 
means,  the  benches  being  connected  by  level  lines  run 
with  care.  The  distance  I  is  measured  along  the  inclined 
channel,  and  it  should  be  of  considerable  length  in  order  that 
the  relative  error  in  h  may  not  be  lai^  If  j  =  o  there 
is  no  slope  and  no  flow;  but  if  there  be  even  the  smallest 
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slope  the  force  of  gravity  furnishes  a  component  acting 
dowD  the  inclined  surface,  iiml  motion  ensues.  The  VL*- 
ifxily  of  i!ow  e^^de^tly  increases  with  the  slope. 

The  flow  in  a  channel  is  said  to  be  steady  when  the 
same  quantity  of,  water  per  second  passes  through  each 
cross-section.      If  an  einply  channel  he  filled  by  admitting 

■  water  at  its  upper  end  the  flow  is  at  flrst  non-steady  or 
H  v&riable,  for  more  water  passeia  tbrougli  one  of  the  upper 
"   sections  per  second   than   is   dehvercd   at   the  lower  end. 

But  after  suflicient  tinie  has  elapsed  the  flow  becomes 
steady;  when  this  occurs  the  mean  velocities  in  different 
sections  are  inver5ely  as  their  areas  (Art.  32), 

■  Uniform  fiow  js  that  particular  case  of  steady  flow 
where  all  the  water  cross-sections  are  e<|ual,  and  the 
slope  of  the  water  surface  is  parallel  tc  that  of  the  bed 
of  the  clianneh  If  the  sections  vary  the  flow  is  said  to 
be  non-nniforrn,  although  the  conriition  of  steady  flow 
Kfi  still  fulfilled-     In  this  chapter  only  the  case  of  uniform 

1    flow  will  be  discussed. 

H  The  velocities  of  different  filaments  in  a  channel  are 
^bot  equal,  as  those  near  the  wetted  perimeter  move  slower 
^■hen  the  central  ones  owing  to  the  retarding  influence 
^OT  friction.     The  mean  of  all  the  velocities  of  all  the  fila- 

iTient£   in   a  cross-section   is  called  the   mean   velocity   v. 

Thus  if  v*.  u",  etc,»  be  velocities  of  different  filaments, 


I 


w 


which  rt  is  the  number  of  filamenLs.  Let  a  be  the  area 
of  the  cross-section  and  let  each  filament  have  the  small 
cross-section  of  area  a';  then  n^a/a^  and  hence 

av=a'{v'+  v"-l-etc,) 

But  "the  second  member  is  the  discharge  q.  that  is,  the 
quantity  of  water  passing  the  given  cross-section  in  one 
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secand-  Tliercforc  Ihe  mean  velocity  may  "be  also  de- 
teimiiied  by  the  relation 

The  filaments  which  are  here  considered  are  in  part  imagi- 
nary,  fur  tixperiments  show  that  there  is  a  constant  sinuous 
motion  of  panicles  from  one  side  of  the  channel  to  the 
Other,  The  best  definition  for  mean  velocity  hence  is, 
that  it  is  a  velocity  which  niultiplieii  by  the  ar^ea  of  the 
cross-section  gives  the  discharge,  or  v=q/a^ 

Prnb.  105(1.  Compute  the  hydraulic  radius  of  a  rectangular 
tmugh  whose  width  ia  4-4  feel  and  depth  1.3  feet. 

Prob.  105iv  Compute  the  mean  velocity  in  a  circular  viewer 
of  4  feet  diameter  when  it  is  half  filled  and  discharges  130  gal- 
Inns  per  second. 


Art.  10f>.     Formula  for  Mran  VfiLoctTY 

When  all  the  wetted  cross -sections  of  a  channel  are 
equal,  and  the  water  is  neither  rising  nor  falling,  having 
attained  the  condition  of  steady  flow,  the  flow  is  said  to  be 
uniform,  This  is  the  case  in  a  conduit  or  canal  of  constant 
size  and  slope  whose  supply  does  not  vary.  The  same 
quantity  of  water  per  second  then  passes  each  cross-section, 
and  consequently  the  mean  velocity  in  each  sectirjn  is 
the  same.  This  uniftirmity  uf  flow  is  due  to  the  resistances 
along  the  interior  surface  of  the  channel,  for  were  it  per- 
fectly smooth  the  force  of  gravity  would  cause  the  veloc- 
ity to  be  fLccelemted.  The  entire  energy  of  the  water  due 
to  the  fall  h  is  hence  expended  in  overcoming  resisl;mces 
CELuaed  by  surface  roughness.  A  part  overcomes  friction 
along  the  surface,  but  most  of  it  ts  expended  in  eddies 
of  the  water,  whereby  impact  results  and  heat  is  generated- 
A  complete  thei^retic  analysis  of  ihis  complex  case  lias 
not  been  perfected,  but  if  the  velocity  be  not  small  the 
discussion  given  for  pipes  in  Art.  8C  applies  equally  well 
to  channels. 
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Let  U  he  the  weight  of  water  passing  any  cross-sccticn 
in  one  second,  F  the  force  of  fricltiin  per  square  unit  along 
the  surface^  p  the  wetted  perimeter,  and  h  the  fall  in  the 
length  tr  The  poleTitial  energy  of  the  f;ill  h  Wh.  The 
tol^l  resisting  friction  is  Fpl,  and  the  energy  consumed  per 
second  is  FptVt  if  v  be  the  VL-loHty.  Aeeordingly  fjfh 
equals  Wis.  But  the  value  of  W  is  n^mi,  if  it-  be  the  weight 
of  a  cubic  foot  of  water  and  a  be  the  areu  of  the  cross-section 
in  square  feet.  Therefore  Fpt^u^ah.  and  since  a/p  is  the 
ti)'>draulic  radius  f,  and  h/l  is  the  slope  s,  this  reduces  to 
J^  — iL-rjT,  which  is  an  apprt'xiniate  expression  for  the  resist- 
ing force  of  friction  on  one  square  unit  of  the  surface  of 
tbe  channel.  In  order  to  establish  a  formula  for  the  mean 
velocity  the  value  of  F  must  be  expressed  in  terms  of  f, 
And  this  can  only  be  done  by  studying  the  results  of  experi- 
ments. These  indicate  that  F  is  approximately  propor- 
tional to  the  square  of  the  mean  \'elocity.  Therefore  if 
EC  be  a  constajitf  the  mean  velocity  is 
■whieh  is  the  formula  first  advocated  by  Cheay  in  1775. 
This  is  really  an  empirical  expression,  since  the  relation 
between  F  and  v  is  derived  from  experiments.  The  coefli- 
cient  c  varies  with  the  roughness  of  the  bed  and  with  other 
ciiciunstances. 
Another  method  of  establishing  Cliezy's  formula  for 
channels  is  to  consider  that  when  a  pipe  on  a  uniform 
slope  is  not  under  pressure,  the  hydraulic  gradient  coincides 
tvilb  the  water  surface.  Then  formula  (S6)  may  be  used 
by  replacing  h"  by  h   and  d  by  its  value  4r.    Accordingly 


1 1'" 


or 


V 


VS^v^ 


in  which  V^g/f  is  the  Chezy  coefficient. 

This  coefficient  c  is  different  in  different  systems  of 
measures  dnce  it  depends  upon  ^.     Tor  the  Bn^lish  system 
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it  is  found  that  c  usually  lies  between  jo  and  160,  and  that 
its  value  varies  with  tlie  hyilraulic  radius  and  the  slope,  as 
well  as  with  the  roughness  o£  the  siirface,  To  determine 
the  value  of  r  for  a  p;irticular  case  the  quantities  r,  r,  and  s 
are  measured,  and  then  c  is  comfuted.  To  find  r  and  s 
linear  measurements  and  leveling  are  required.  To  deter- 
mine V  the  flow  must  ho  gaged  either  in  a  measuring  vessel 
or  by  an  oriftce  or  weir,  or,  if  the  channel  be  large,  by  floats 
or  other  indirect  methods  described  in  the  nest  chapter, 
and  then  the  mean  velocity  v  is  computed  from  v—q/a. 
It  being  a  nmtter  of  great  importance  to  establish  a  satis- 
factory  formula  for  moan  velocity,  thousands  of  such 
gagings  have  been  made,  and  from  the  records  of  these 
the  values  of  the  coefficieots  given  in  the  tables  a.t  the  end 
of  this  volume  and  in  the  following  articles  have  been 
deduced. 

Pn>b,  306,  Compute  the  value  of  c  for  a  circular  masonry 
conduit  4  feet  in  diameter  which  deHver?  ig  cubic  feet  per 
second  when  running  half  full,  its  slope  or  grade  being  1.5  feet 
in  loco  feet.  i 


Art,  107,     Circular  Conduits,  Full  or  Halp  Full 

When  a  circular  conduit  of  diameter  d  runs  either  fuH 
or  half  full  of  water  the  hydraulic  radius  is  {d.  and  the 
Chezy  formula  for  mean  velocity  is 

v  =  cVTs  =  c.iVds 
The  velocity  can  then  be  computed  when  c  is  known,  and 
for  this  purpose  Table  37  gives  Hamilton  Smith's  values 
of  c  for  pipes  and  conduits  having  quite  smooth  interior 
surfaces,  and  no  sharp  bends,*  The  discharge  per  second 
then  is 

?-au-c.JaVS 
in  which  a  is  either  the  area  of  the  circular  cross-sectioo  or 
one-h;Jf  that  section,  as  the  case  may  be. 

"  Vvdraulka  ^Loadon  and  Sew  Vork,  iSS^].  p,  771. 
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To  use  Tabic  37  a  tentative  mcthnJ  must  he  employed, 
smcc  c  dtfpends  upon  the  velocity  ot  flow.  For  this  purpose 
there  mny  be  taken  roughly 

mean  Chezy  coefficient  c  =  t  ^5 

and  Uien  v  may  ie  computed  for  the  given  diameter  and 
sl*>pe;  a  new  value  of  r  is  then  taken  from  Ihe  tabic  and  a 
new  V  computed;  and  thus,  aftor  two  or  three  trials,  the 
probable  mean  \-elocity  of  flow  is  obtained.  The  value  of 
J  must  be  expressed  in  feet. 

For  example,  let  it  be  requiied  to  find  the  velocity  and 
discharge  of  a  semicircular  conduit  of  6  feet  diameter  when 
laid  on  a  grade  of  0,1  feet  in  100  feet.     First, 

f  — 125X1%^ ("Xo.Doi  =4  8 feet  per  second. 
For  this  velocity  the  table  gives  147  for  c ;  hence 

i'-'i47XW^  o*^^  ""5  7  f^cl  per  second. 

Again,  from  the  table  c  =  150,  and 

v  =  isoxiV''o'Oo6-5.8  feet  per  second. 

This  shows  that  150  is  a  Utile  too  large;  for  0  =  149.5.  '''  is 
found  to  be  5-79  feet  per  second,  which  is  the  final  result. 
The  discharge  per  second  now  is 

^=0,7854x1X36X5-79  =  31.9  cubic  feet 

which  is  the  probable  flow  under  the  given  conditions- 

To  find  the  diameter  of  a  circular  conduit  to  discharge  a 
given  quantity  under  a  given  sl<ii>e,  the  area  a  is  to  be  ex* 
pressed  in  terms  of  J  in  the  above  cqixation,  which  is  then 
to  be  solved  for  li;  thus* 


\rrcV5/  \}xy/s/ 


the  first  being  for  a  conduit  running  full  and  the  second  for 

one  running  half  full.     Here  r  may  at  first  be  taken  as  125; 

then  d  is  computed,  the  approximate  velocity  found  from 

»q/\vcd^,  and  with  this  value  of  t^  a  value  of  c  is  selected 
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from  the  table,  and  the  computation  for  if  is  repeated.  This 
pTtx^oss  in.'iy  be  continued  -until  the  ccrri^spondiiig  values 
of  c  and  v  are  found  to  be  in  close  agreement. 

As  an  example  of  the  determination  of  diameter  let  it 
"be  Toquircd  tc  find  li  %\1icn  7  =  81.9  cubic  feel  per  second, 
j  =  o-ooj,  and  the  conduit  runs  fuT],  For  c  =^125  the  for- 
mula gi%^s  d-4.g  feet,  whence  p-4.37  feet  per  second. 
From  the  table  c  may  be  now  taken  as  14?,  and  repeating 
the  computation  ^=4.64  feet,  whence  1^=4.84  feet  per 
second,  which  requires  no  further  change  in  the  value  of  c. 
As  the  tabular  coefticients  are  based  upon  quite  smooth 
interior  surfaces,  such  as  occur  only  in  new,  dean  inm  pipes, 
or  with  fine  cement  finish,  it  might  be  well  to  build  the 
conduit  5  feet  or  60  inches  in  diameter.  It  is  seen  from 
the  previous  example  that  a  semicircular  conduit  of  6  feet 
diameter  carries  the  same  amount  of  water  as  is  here  pro- 
vided for. 

Circular  conduits  running  full  of  water  are  long  pipes  and 
all  the  formulas  and  methods  of  _\rts.  90  and  91  can  be 
applied  also  to  their  discussion.  From  Art.  106  it  is  seen 
that  _ 

c  =  Vb^//        ot        c  - 16.04/ x// 

in  which  f  ia  to  be  taken  from  Table  33.  Values  of  c  com- 
puted in  this  manner  will  not  generally  agree  closely  with 
the  coefficients  of  Smith,  partly  because  the  values  of  /  are 
given  only  to  three  decimal  places,  and  partly  because 
Table  3^  for  pipes  was  constructed  from  experiments  on 
smoother  surfaces  than  those  of  conduits.  An  agreement 
within  5  percent  in  mean  velocities  deduced  by  dilTerent 
methods  is  all  that  can  generally  be  expected  in  conduit  com- 
putations, and  if  the  actual  discharge  agrees  as  closely  as 
this  with  the  computed  discharge,  the  designer  can  be  con- 
sidered a  fortunate  man. 

All  of  the  laws  deduced  in  the  last  chapter  regarding  the 
relation  between  diameter  and  discharge,  relative  discharg- 
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iiig  capacity,  etc„  hence  apply  equally  ^-^11  to  circular  con- 

diiils  which  run  either  full  or  half  full.      If  the  coiuiuit  tie 

/uKil  matters  not  whcth<?r  it  be  laid  truly  to  grade  or  whether 

il  be  under  pressure,  since  in  either  ca-se  the  slope  i  is  the 

toul  fall  h  divided  by  the  total  length.      Usually,  however, 

the  word  conduit  implies  a  uniform  slope  for  considerable 

distances,  and  in  this  case  the  hydmuJic  gradient  coincides 

with  the  surface  of  the  flowing  water. 

Pnib    107j.   Fmd  the  discharge  of  a  conduit  when  running 

Efull,  its  diameter  being  6  ftcl  uin]  its  fall  9.54  feet  in  one  mile. 
1      Prob-  10T&,  Find  the  diameter  of  a  conduit  to  deliver  when 
nimiing  full  16  500  000  gallons  per  day,  its  slcpe  being  □.DODi&. 
Let  a  circular  conduit  with  the  slope  s  be  partly  full 
Kf  water,   its   croaj-section   being  a   and   hydraulic   radius 
Then  the  mean  velocity  and  the  discharge  are  given  by 
v  —  c^/rs  q^ca-s/rs 

B  mean  velocity  is  hence  proportional  to   vf  and  the 
ischarge  to  oW,  provided  that  c  be  a  constant.     Siiice, 
however,  c  varies  slightly  with  r.  this  law  ot  proportion- 
I     ality  is  not  exact  but  approximate, 

^P      When  a  circular  conduit  of  diameter  d  runs  either  full 

r  or  half  full  its  hydraulic  mdius  is  \d  (Art.  105).     If  it  is 

fj}lcd  lo  the  depth  d',  the  wetted  perini' 

Kter  is 
,      .        ,  ,    2d'-d 

nd     the    sectional    area 


d 
of    the 


water 


tf 


Fio,  lOB 


d    the 
surface  ia 

a  =id^-{-{d'  -  U)\/'d'{d-d') 

Prom  these  p  ajid  a  can  be  computed,  and  then  r  is  found 
by  dividing  a  by  p.     Table  39  gives  values  of  p,  a,  and  r  for 
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a  circle  of  diiimctor  unity  for  dilIt.Tcnt  depths  of  water,, 
To  find  from  it  the  hydraulic  radius  for  any  other  circle  it] 
is  only  necessary  to  multiply  the  tabular  \'alue5  of  r  by  th&\ 
given  dtametor  d.  The  table  shows  that  the  greatest 
value  of  the  hydraulic  radiufi  occurs  when  d' =o.$tdt\ 
and  that  it  is  hut  little  less  when  d'=oM.  In  the  fifth' 
and  sixth  columns  of  the  table  are  given  values  of  V7] 
and  a^/r  for  di/Terent  depths  in  the  circle  oi  diameter 
tinily;  these  arc  approximately  proportional  to  the  veloc- 
ity and  discharge  which  occur  in  a  circle  of  any  size. 
The  table  shows  that  the  greatest  velocity  occurs  when 
the  depth  of  the  water  is  about  eight-tenths  of  the  di-i 
amcter,  imd  that  the  greatest  discharge  occure  when  theJ 
depth  is  about  o.g^d,  or  J-(  of  the  diameter. 

By  the  help  of  Table  39  the  velocity  and  discharge! 
may  be  computed  when  c  is  known,  but  it  is  not  possible) 
on    account   of   the    lack    of   esperimentul    knowledge    t' 
state  precise  values  of  c  for  different  values  of  r  in  circlesl 
of  diflcrent  sizes.     However,  it  is  known  that  an  increase 
in  r  increases  c,  and  that  a  decrease  in  r  decreases  c.     The! 
following  ex^ieriments  of  Darcy  and  Ba^in  shoiw  the  exUint 
of  this   variation    for  a   semicircular   conduit   of   4,1    feet 
diameter,  and  they  also  leach  that  the  natiu^  of  the  in-j 
tenor   surface   greatly   inHuences   the   values   of   c.     T^ 
conduits  were  built,  each  with  a  slope  1=0,0015  ^nd  d=4. 
feet.     One    wus   lined   with   neat   cement,    and   the    othi 
rith  a  monar  made  of  cement  with  one-third  fine  sand^j 
lie    flow    was   allowed    to   occur   with   different    depths,] 
unj   the  disch.'trgea  per  srcond  were  gaged  by  means  ol 
orifices;   this  enabled  the  velocities  to  be  computed,  and 
from  these  the  values  of  the  coefficient  c  were  found,      Thi 
fi^lowintr  Art  a  portion  of  the  results  obtained,  d'  denotini 
the  d^pth  of  wiitcr  in  the  conduit,  r  the  hydraulic  radii 
r  the  me^n    veloctty.  and  all  linear  dimensions  being  u 
lin^lkih  fret: 


A»T.  lOQ  Rectangut^\h  CovrnJiTS  27fi 

-a.C$  I  rij5  ft  06  IS4  T.04  i  QJ?  5   S5  '*^ 

1 .61  o  ftft?  5   jg  147  1 ,69  o  goa  4  94  J35 

1.C3  0.605  ^    'S  t,ja  i,og  O-635  3.B;  i?s 

o.M  0.366  3.0J  129  a.fii  0.379  "-87  '^"^ 

It  is  here  seen  that  c  decreases  quite  uniformly  with  f, 
and  that  the  velocities  for  the  mortar  lining  are  8  or  10 
^jjercent  less  than  those  for  the  neat  cement  lining. 

^^        The   value   of  the  coefficient   c   for  these   cKperiments 
[     may  be  roughly  expressed  for  English  measures  by 

in  which  c,  is  the  coefTicitint  for  the  conduit  when  running 
hatf  fLdi  How  this  will  apply  to  different  diameters 
and  velocities  is  not  known;  when  d'  is  greater  than  0.8J 
it  will  probably  prove  incorrect,  Tn  practice,  however, 
computations  on  the  flow  in  partly  filled  conduits  are  of 
TATC  occurrence, 

Prob-  108.  Compute  the  hydraulic  radius  for  a  circular  con- 
duit when  it  is  three-fourths  fi-Ued  with  water^  and  also  the  mean 
Velr»city  if  it  be  lined  with  neat  cement  and  laid  on  a  grade  of 
^15  per  laa,  the  diameter  heing  4.1  feet. 


Art.  109.     Rectangular  Cokduits 


1 

^H  In  designing  an  open  rectangular  trough  or  conduit 
^KO  carry  water  there  h  a  certain  ratio  of  breadth  to  depth 
^Bn'hich  is  most  advantageous,  because  thereby  eitlier  the 
^Bdischai^e  is  the  greatest  or  the  least  amount  cf  material 
is  required  for  its  construction.  Let  6  be  the  breadth 
and  d  tfie  depth  of  the  water  section,  then  the  area  a  is 
bJ  and  the  wetted  perimeter  p  is  i+ai.  If  the  area  a  is 
given  it  may  be  required  to  iind  the  relation  between  b 
3Kid  ^^  so  that  the  discharge  may  be  a  maximum.  If  the 
wetted  perimeter  p  is  given,  the  relation  between  b  and 
</  lo  produce  tht  same  result  may  be  demanded.  It  is 
now  to  be  shown  that  in  both  cases  the  breadth  is  double 
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the  depth,  or  b  =  2d.  This  is  called  the  most  advantageous 
proportion  for  an  open  rectangular  conduit,  since  there 
is  the  least  head  lost  in  friction  when  the  velocity  and 
discharge  are  the  greatest  possible. 

Let  r  be  the  hydraulic  radius  of  the  cross-section,  or 

a       bd 

then,  from  the  Chezy  formula  (106),  the  expressions  for 
the  velocity  and  discharge  are 

In  these  expressions  it  is  required  to  find  the  relation 
between  b  and  d,  which  renders  both  v  and  q  a  maximum. 

Let  the  wetted  perimeter  p  be  given,  as  might  be  the 
case  when  a  definite  amount  of  lumber  is  assigned  for  the 
construction  of  a  trough;   then  h+2d=p.  or  d  =  \{p-b)t 

and  

--    \b{p-b)  ,-   \b\p-by 

in  which  f  is  a  constant.  Differentiating  either  of  these 
expressions  with  respect  to  b  and  equating  the  derivative 
to  zero,  there  is  found  b-^^p,  and  hence  d  =  \p.  Accord- 
ingly h  =  2d,  or  the  breadth  is  double  the  depth. 

Again,  let  the  area  a  be  given,  as  might  be  the  case 
when  a  definite  amount  of  rock  excavation  is  to  be  made; 
then  bd  =  a,  or  d^a/b,  and 


^^"^'"NtfiS  ^""^^^Vt^^ 


in  which  a  is  constant.  By  equating  the  first  derivative 
to  zero  there  is  found  b^  =  2a,  and  hence  ^'  =  Ja.  Accord- 
ingly b  =  2d,  or  the  breadth  is  double  the  depth,  as  before. 

It  is  seen   in  the   above   cases   that  the  maximum  of 
both  V  and  q  occur  when  r  is  a  maximum,  or  when  r»=  jj. 
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it  is  indeed  a  general  rule  that  t  should  be  a  tnaximum 
m  fffder  to  scrurc  Ihe  least  loss  of  head  in  frictifrti.  The 
drcle  has  a  greater  hydraulic  radius  than  any  other  figure 
of  equal  area. 

In  these  investigations  c  has  liccn  regarded  as  eonstant, 
although  strictly  it  varies  somewhat  for  different  ratios 
rf  fr  to  J.  The  rule  deduced  is,  however,  suflidently 
close  for  all  practical  purposes.  It  frequently  happens 
that  it  is  not  desirable  to  adopt  the  relation  b^^d.  either 
because  the  water  pressure  on  the  sides  of  the  conduit 
beciimes  too  great  or  because  it  is  desirable  to  limit  the 
\'e]ixity  so  OS  to  avoid  scouring  the  lied  of  the  channel. 
Whenever  these  considerations  are  more  important  than 
Uiat  of  securing  the  greatest  discharge  the  depth  is  made 
less  than  one-half  the  breadth. 

The  velocity  and  discharge  through  a  rectangular  con- 
kit  are  expressed  by  the  general  equations 

and  are  computed  without  diFficuky  for  any  given  case 
when  Lhe  coefTitHent  c  is  known.     To  ascertain  this,  how- 
r,  is  not  easy,  for  it  is  only  from  recorded  experiments 
thai  its  value   ran   be   ascertained.     When   the   depth   of 
the  water  in  the  conduit  is  one-half  of  its  width,  thus 
giving  the   most   advantageous    section,    the   values   of   i; 
for  smooth  interior  surfaces    may  be   estimated   by    the 
use  of   Tahle  37   for  circular  conduits*  although  c  is  prob- 
ably smaller  for  rectangles  than   for  circles  of  equal  area. 
Wheo  the  depth  of  the  water  is  less  or  greater  tlian  iii, 
rntist   be  remembered   that  c  increases  with   r.     The 
Value  of  c  also   is    subject    to   slight  variations  with    the 
slope  J,  and  to  great  variations  with  tlie  degree  of  rough- 
jtcss  of  the  surface. 

K    Table  40,    derived  from    Smith's    discussion    of    the 
experiments   of  Darcy   and   Bazin,   gives   values  of   c   for 
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a  number  of  wooden  and  masonry  conduits  of  rectangular 
sections,  all  of  which  were  laid  on  the  grade  of  0-49  percent 
or  j-0.0049.  The  great  influence  of  roughness  of  surface 
in  diminishing  the  coefiicient  is  here  plainly  seen-  For 
masonry  conduits  with  hammer-dressed  surfaces  c  may  be 
as  low  as  60  or  50,  particularly  when  covered  with  moss 
and  slime. 

Prob,  1093,  Compare  the  discharge  of  a  trough  3  feet  wide 
and  I  foot  deep  with  that  of  two  troughs  each  i.j  feet  wide  and 
1  foot  deep. 

Prob.  1096.  Find  the  siae  of  a  trough,  whose  width  is  double 
its  depth,  which  will  dehver.ia5  cubic  feet  per  minute  when  its 
slope  is  O.O03,  taking  c  as  100. 

Art.  110.     Trapezoidal  Sections 

Ditches  and  conduits  are  often  built  with  a  bottom 
nearly  flat  and  with  side  slopes,  thus  forming  a  trapezoidal 
section.  The  side  slope  is  fixed  by  the  nature  of  the  soil 
or  by  other  circumstances,  the  grade  is  given,  and  it  may 
be  then  required  to  ascertain  the  relation  between  the  bot- 
tom width  and  the  depth  of  water,  in  order  that  the  section 
shall  be  the  most  advantageous.  This  can  be  done  by  the 
same  reasoning  as  used  for  the  rectanj^le  in  the  last  article, 
but  it  may  be  well  to  employ  a  dilTerent  method,  and  thus 
be  able  to  consider  the  subject  in  a  new  light. 

Let  the  trapezoidal  channel  have  the  bottom  width  b. 
the  depth  d.  and  let  0  be  the  angle  made  by  the  side  slopes 

with  the  horizonbd.     Let   it  be 

^^^..  L^-:  41^^^^^^^^^  required    to    discharge    q    cubic 

^^-t"-^^P^^^F\^  units  of  water  per  second.      Now 

'■■<fc^^  q^caVrs  and  the  most  advan- 

P^^  ^jQ  tageous  proportions  may  he  said 

to  lie  those  that  will  render  the 

cross-section  a  a  mmimum  for  a  given  discharge,  for  thus 

the  least  erccavation  will  be  required.     From  the  figure 
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and  from  Uiese  the  value  of  r  may  be  expressed  in  terms  of 
a,rf,  ami  0;  insert ing  this  in  the  fonnulu  for  q,  iL  reduces  to 


d        d^     ^  \smd 


in  wbi^h  the  second  member  is  a  constant.  Obtaining  the 
^t  derivative  of  a  with  respect  to  d,  and  then  replaciiig 
?'  by  its  value  c'oVs,  there  results 

which  is  the  relation  that  renders  the  area  a  a  minimum, 
Ibat  is,  the  advanlagetjus  depth  is  double  the  hydraulic 
rddius.    Now  since  a/p  =  r  it  is  easy  to  show  that 

&  +  3rfcot5  =  arf/sin? 

or.  the  lop  width  of  the  water  surface  should  equal  the 

siimnf  the  two  side  slo]it^s  in  onl«-  lu  give  the  most  advan- 

Iigw>us  section.     Since  c  has  been  regarded  constant  the 

conclusion  is  not  a  rigorous  one,  although  it  may  safely  be 

followed  in  practice.     As  in  all  cases  of  jin  algebraic  mini- 

,  a  considerable  vj^iriation  in  the  value  of  the  ratio  d/ft 

y  occur  without  materially  iilTucting  the  value  of  ihc  area 

In  many  c^ses  it  is  not  possible  to  have  so  great  a  depth 

(if  water  as  the  rule  ti  — jr  requires  l>ecausc  of  the  greater 

Ft  of  excavation  at  such  depth,  or  because  width  rather 
ti  depth  may  be  needed  for  other  reasons- 
When  a  trapezoidal  clianncl  is  to  be  built  the  general 
formulas  I'^cVrTand  q  —  av  maybe  used  to  obtain  a  rough 
^fcp|>roxiination  to  the  discharge,  c  being  assume<I  from  the 
^Be?t  knowledge  at  hand.     The  formula  of  Kuttcr  fArt,  111) 
^^lay  be  used  to  determine  c  when  the  nature  of  the  bed 
of  the  chamiel  is  known.     For  a  channel  already  built,  com- 
putations cannot  be  trusted  to  give  reliable  values  of  the 
^^tscharge   on    account   of   the    uncertainty    regarding    the 
^■cKf^cient,  and  in  an  important  case  an  actual  gaging  of 
^hc  flow  should  be  made.     This  is  best  effected  by  a  weir. 
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but  if  that  should  prove  too  expensive,  the  methods  ex- 
plained in  the  next  cliapter  may  be  employed  to  give  more 
precise  results  than  can  usually  be  determineti  by  computa- 
tion from  any  formula- 

The  problem  of  determining  the  size  of  a  trapezoidal 
channel  tr^  carr>'  a  ^ven  quantity  of  water,  does  not  retjuire 
c  10  be  determined  with  great  precision,  as  an  allowance 
should  be  made  on  the  side  of  safety.  For  this  purpose 
the  following  vtduta  may  bt  used,  the  lower  ones  being  for 
small  cross-sections  with  rough  and  foul  surfaces,  and  the 
higher  ones  for  large  cross-sections  with  quite  smooth  and 
clean  earth  surfaces: 

For  unplaned  plank,  C  =  loo  to  uo 

For  smooth  masonry,  c  —   go  to  no 

For  clean  earthy  c^   60  to    So 

For  stony  *^arlh,  c=    40  to    &o 

For  rough  stone,  c=   35  lo    50 

For  earth  fcul  with  weeds,  ,  c—   30  to    50 

To  solve  this  problem,  let  a  and  p  be  replaced  by  tlieir  values 
in.  terms  of  b  and  d.     The  discharge  then  is 

q  =  cd{b+d*:ote)'J  .'—[  :--,--^ 

Now  when  q,  c.  0,  and  j  are  known,  the  equation  contains 
two  unknown  quantities,  b  and  d.  If  the  section  is  to  be 
the  most  advantageous,  b  can  be  replaced  by  its  value  in 
terms  of  li  as  above  found,  and  the  equation  then  has  but 
one  unknown.  Or  in  general,  if  t=nuf,  where  nt  ts  any 
assumed  number,  a  solution  for  the  depth  gives  the  formula. 

ffi^      g'(fflsinfl  + j) 
"c's(w  +  cot^J'sinfl 
For  the  particular  case  where  the  side  slopes  are  1  on  1  or' 
(?  =  45*  and  the  bottom  width  is  to  be  equal  to  the  waterj 
depth,  or  ?Ji  =-  I ,  this  becomes 

i  =  o.863<vVcV)^ 
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These  formuUifi  are  analogous  to  those  for  finding  the  diam- 
eter Oif  pipes  and  circular  conduits,  and  the  numerical  oper- 
ations are  in  all  respttts  similar.  It  is  plain  thai  by  assign- 
ing differeni  values  to  m  numerous  sections  may  be  deler- 
mtiied  which  will  satisfy  the  imposed  comlilions,  anci  usunlly 
the  one  is  lo  be  selected  that  will  give  both  a  safe  velocity 
and  a  minimum  cost.  In  Art.  1 13  will  be  found  an  example 
of  the  determination  of  the  size  of  a  trapezoidal  canal. 

Prob.  llOj.  For  the  moat  advantageous  trapezoidal  oross- 
seciiooshow  tbat  the  area  is  tP{y  —  costf)/&i[ifl,  and  tJtal  the  Lot- 
lom  width  IS  aJtanJO. 

Prob.  1105.  If  the  value  nf  c  is  71.  compute  the  depth  nf  n 
trapcioidal  section  to  carry  soo  cubic  feet  of  water  per  second, 
0  l^icuig  45°,  llie  slope  s  being  o-oot  and  the  bottom  widtb  being 
e<]ual  to  the  depth.  Compute  also  the  area  of  the  cross-section 
anJ  the  mean  velocity. 


Art.  Ill-     Kutter's  Formula 

An  elaborate  disciission  of  all  recorded  gagings  of  chan- 
nels was  made  by  Ganguillet  and  Kutter  in  i86Qh  from 
m-hich  an  important  empirical  formula  was  deduced  for  the 
cwfTicknt  c  in  tlie  Chezy  formula  v  =  c\^rs.  The  value  of 
C  is  expressed  in  terms  of  the  hydraulic  radius  r,  the  sli  tpe  s. 
And  the  degree  of  roughness  of  the  surface,  and  may  be 
computed  when  these  three  quantities  are  given.  When 
/■  is  in  feet  and  v  in  feet  per  second,  Kutter 's  formula  is 


i-Sii 

n 


+41-65  + 


D.ODsSi 


c  — 


1  + 


^i 


41.65 


0,00381 


OH) 


-jjx  which  H  is  an  abstract  number  whose  value  depends  only 
upon  the  roughness  of  the  surface.  By  inserting  this  vidue 
of  c  in  the  Chezy  formula  for  v.  the  mean  velcx^ity  is  made 
depend  upon  r.  s,  and  the  roughness  of  the  surface.     TJie 


2S2 


Flow  in  Conuuits  and  Ca^sals 


Chaf.  IK 


foLIowiog  are  the  values  t?f  tt  assigned  by  Kutter  to  different 
surfaces : 

j;  =  o.oog  for  well-planed  timber, 

n^o.oio  for  neat  cement, 

H  — o.oii  fur  ctmcnt  with  one- third  sand, 

w=-o,oi3  for  un planed  timber, 

n  =0,013  f**^  ashlar  aud  brick  work, 

n  — 0.015  for  unclear  surfaces  in  sewers  and  eonduitfl, 

n^  0.01 7  for  rubble  masonry, 

w  =  o.Q30  for  canals  in  very  firm  gravel, 

«™o,0JS  for  canals  and  rivers  £ree  from  stones  and  weeds. 

tt  — 0.030  fnr  canals  and  rivers  with  some  stones  and  weeds, 

n  —  0,035  *^^  cana-ls  and  riveri;  m  bad  crder- 

The  formula  of  Kutter  has  received  a  wide  acceptance 
on  account  of  its  application  to  all  kinds  of  surfaces.  Not- 
withstanding that  it  is  purely  empirical,  and  hence  not 
porffct,  it  is  to  be  re.gardcJ  as  a  formula  of  great  value,  so 
that  no  design  for  a  conduit  or  channel  should  be  completed 
without  employing  it  in  the  investigate  m»  even  J(  the  final 
construction  be  not  based  upon  it.  In  sewer  work  it  is 
extensively  employed,  Ji  being  taken  as  about  0.015.  The 
formula  shows  that  the  coefficient  c  always  increasoa  with 
r,  that  it  decreases  with  s  when  r  is  greater  than  ^.lA  feel, 
and  that  it  increases  with  5  when  t  is  less  than  j.aS  fret- 
When  r  equals  3,28  feet  the  value  of  c  is  simply  i,8ii/m. 
It  ts  not  likely  that  future  investigations  will  confirm  these 
laws  of  variation  in  all  respects. 

In  the  following  articles  are  gi\'en  values  of  c  for  a  few 
cases,  and  these  might  be  greatly  extended,  as  has  been 
done  by  Kutter  and  others.*  But  this  is  scarcely  necessary 
except  for  special  lines  of  investigation,  since  for  single  case* 
there  is  no  di^iculty  in  directly  computing  It  for  given  data. 
For  instance,  tnke  a  rectangular  trough  of  unphined  plank 
^.g^  feet  wide  on  a  slope  of  4.9  feet  in  1000  feet,  the  water 

*Floir  of  Wntcf  in  Riven  and  Oiber  ChanriFlti.     Tnnsilatcd.  wiib 
addilfonsL  by  Heringand  Toutwine,  NcwYorkE^  1SS9, 
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boing  1.20  feet  deep.     Here  .^  =  0.0040^  and  f  — 0.779  ^^^' 
Then  n  being  o-oia,  the  value  ci  c  is  found  to  be 


r.Sii 


+  41.65  + 


0.0049 


1  + 


,otj    / 

0.77C*V 


V0.779 


41^65  + 


0,0038] 


^ 


>=3 


0.0049/ 


The  data  here  used  are  tiikcn  from  Table  40,  where  the  actual 
v.^lueof  c  is  given  as  117,  heace  in  this  cuse  KntttT's  for- 
mub  is  about  5  percent  in  cxc^ess,  Asa  second  example,  the 
f^ilkming  data  from  the  same  table  will  be  taken:  a  rect- 
angular conduit  it!  neat  cement,  fc  »  5.94  feet,  */  =  o.9i  feet, 
*=o.oo49.  Here  « =0,010,  and  r^o.C97  ^^^^-  inserting 
all  values  in  the  formula,  there  is  ff)und  c  =  148,  which  is  S 
percent  greater  than  the  true  value,  138.  Tims  is  shown 
ik  ^  tliat  errors  of  5  aTid  10  [x^rcenL  are  to  lie  nj^frrded 
as  toinmon  in  calculations  on  ibe  flow  of  water  in  conduits 
atid  canals, 

Prob.  III.  The  Sudbury  conduit  is  of  horse-shoe  form  and 
HiwJ  with  brick  laid  with  cement  joints  Rnu-iiuflrter  of  an  inch 
thitkvand  laid,  on  a  slope  ai  o.oooiHf)5.  Compute  the  Jiacharge 
«n  34  houT5  when  the  area  is  33,31  square  feet  and  the  wetted 
pennwier  1^.21  feet.  x 


Art.  Uii,     Sewers 

Stwcts  smaller  in  diameter  than  iS  inches  are  always 
CiTCUUi- in  section.  When  larger  than  tliis  they  are  built 
witli  the  section  eitlicr  circular,  cgg-ishaped,  or  of  the  horse- 
shfy;  knu.  The  last  sliapc  is  very  disadvaj;tageous  when  a 
small  quantity  of  sowage  i,s  flowing,  for  the  wetted  iwrimcter 
is  then  large  compared  with  the  area,  the  hydraulic  radius 
is  small,  and  the  velocity  becomes  low,  so  that  a  dt?positof 
the  foul  materials  results.  As  the  slope  of  sewer  lines  is 
often  ^ery  slight,  it  is  important  that  such  a  fonu  of  cross- 
gtfclion  should  be   adopted   to  Tender  the  velocity  of  fiow 
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sufficient  to  prevent  this  deposit.    A  velocity  of  a  feet  per 

second  is  found  to  be  about  the  minimum  allowable  limit, 
and  4  feet  per  second  need  not  be  usually  exceeded- 

The  egg-shaped  section  is  designed  so  that  the  hydraulic 
radius  may  not  become  small  even  when  a  small  amoimt  of 

sewage  is  flowing.     One  of  the 
most    common    forms    is    that 
^  shown    in    Fig.  112,    where   the 
■   greatest  width  DD  is  two-thirds 
of  the   depth   HM.     The   arch 
DHD  is  a  semicircle  described 
from  ^  as  a  center.     The  invert 
I  iKAJ^L  LML  is  a  portion  of  a  circle  de- 

scribed from  B  as  a  center,  the 
distance  BA  being  three-fourths 
of  DD  and  the  radius  BM  being  one-half  of  AD.  Each  side 
DL  is  described  from  a  center  C  so  as  to  be  tangent  to  the 
arch  and  invert.  These  relations  may  be  expressed  more 
concisely  by 

HM  =  j^D      AB^^D       BM  =  \D       CL  =  i^D 
in  which  D  is  the  horizontal  diameter  DD. 

Computations  on  egg-shaped  sewers  are  usually  confined 
to  three  cases,  namely,  when  flowing  full,  two-thirds  full, 
and  one-third  full.  The  values  of  the  sectional  areas, 
^vetted  perimeters,  and  hydraulic  radii  for  these  cases,  as 
given  by  Flynn,*  are 

a  p  r 

Full  i-MSjn"  3-9*5^  0.2Z97D 

Two-thirds  full     0,75580'         2.3940        0.J157D 
One-third  full       o.a84oD'         t.$j$D         o.ao66D 

This  shows  that  the  hydraulic  radius,  and  hence  the  velocity, 
is  but  little  less  when  flowing  one-third  full  than  when 
flowing  with  full  section, 

•  Van  Nostratid's  Mogaiiw,  iSa^,  vol  a8,  p.  T3S. 
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^  ■         Egg-shaped  sewers  and  small  circular  ones  ere  formed  by 

laying  cQnsccuth'e  lengths  of  clay  or  comcnt  pipe  whose  iii- 

lerior  surfaces  are  quite  smooth  when  new,  but  may  become 

loul  after  use.     Large  sewers  of  eircular  section  are  made 

of  bnck,  and  are  more  apt  to  become  fcul  than  snmller  ones. 

la  I  he  separate  system,  where  systematic  flushing  is  em- 

pJoyfd  and  the  pipes  are  small,  foulness  of  surface  b  not 

so  common  as  in  the  combined  system,  where  the  storm 

watCT  is  alore  used  for  this  purpose.     In  the  latter  cose 

the  sires  are  computed  for  the  volimie  of  storm  water  to  be 

discharEed,  the  amount  of  sewage  b<:ing  very  small  in  com- 

The  discharge  of  a  sewer  pipe  enters  it  at  intE?r\'a]s  along 
its  length>  and  hence  the  flow  is  not  uniform.     The  depth  of 
ihe  flow  iiicrecises  along  the  length,  and  at  junctions  the  size 
oJ  the  pipe  is  enlarged.     Tlie   strict   investigation   nf  the 
problem  of  flow  is  accordingly  one  of  great  complexity. 
But  considering  the  fact  that  the  sewer  is  rarely  filled,  and 
that  it  should  be  made  large  enough  to  provide  for  contin- 
gencies and  future  extensions,  it  appears  that  great  pre- 
Icision  is  unnecessary.     The  practice,  therefore,  is  to  discuss 
'fL  sewer  for  the  condition  of  maximum  dischat^e,  regarding 
k  as  a  channel  with  uniform  flow.     The  main  problem  is 
that  of  the  determination  of  size;   if  the  form  be  circular, 
the  diameter  is  found,  as  in  Art.  107»  by 

Tf  the  form  he  egg-shaped  and  of  the  proportions  above  ex- 
plained, the  discharge  when  running  full  is 

^p  ^— flc^/r5  =  I.T4S5D'c\''o,^S97DJ■ 

f^oxn  which  the  value  of  D  is  found  lo  be 

Thus,  when  q  has  been  determined  and  c  is  known,  the  re- 
quired sizes  for  given  slopes  can  be  computed-     The  velocity 


should  also  be  fc-und  in  order  to  ascertain  if  it  be  low  enough 
to  prevent  scouring  (Art.  127)- 

ExpOTimet:its  from  which  to  directly  determine  the  co- 
efficient c  for  the  flow  in  sewers  are  few  in  number,  but 
since  the  sewage  ik  mostly  water,  it  may  be  approximately 
ascertained  from  the  values  for  similar  surfaces.     Kulter's 
foEniula  has  been  extensively  employed  for  this  purpose, 
using  o.ois  for  the  coefficient  of  roughness.    Table  42  gives 
values  of  c  for  tliree  diilerent  slopes  and  for  two  classes  of 
surfaces,     Tlie  \alues  for  tht  degree  of  roughness  rc|5re- 
sented  by  11=0.017  ^^e  applicable  to  sewers  with  quite 
rough  surfaces  of  masonry;   those  for  n  =0,015  are  appli- 
cable to  sewers  with  ordinary  smooth  surfaces,  somewhat 
fouled  or  tuberculaled  Ly  deposits,  and  are  the  ones  to  be 
generally  used  in  computations.      By  the  help  of  this  tablft 
and  the  general  equations  for  mean  velocity  and  disi^harge, 
all  problems  relating  to  How  in  sewvrs  can  be  readily  solved- 

Prob.  112.  The  grade  of  a  sewer  is  one  foot  in  960.  and  its 
disdiai^e  is  to  be  65  cubic  feet  per  secoud.  What  js  Ute  diam- 
eter of  the  sewer  if  circular? 

Art.  113,     Dttches  and  Camals 

Ditches  for  irrigating  pmposes  are  r  a  trj^pezotdal  sec- 
tion, and  the  slope  is  determined  by  t  .  ill  between  the 
point  from  which  the  water  is  taken  l.  1  the  place  of  de- 
livery. If  the  fall  is  large  it  may  not  be  possible  to  con- 
struct the  ditch  in  a  straiglit  line  between  the  two  points, 
even  if  the  topography  of  the  country  sliould  permit,  on. 
account  of  the  hij^h  veltvity  which  w^^uld  result,  A  \"eloc- 
ily  exceeding  2  feet  per  second  may  often  injure  the  b^d  of 
the  ctumnel  by  scouring,  unless  it  be  pn^erled  by  riprap 
or  other  lining.  For  this  reason,  as  well  as  for  others,  the 
altgttmenl  of  <liKhes  and  can^ils  is  often  cucuitous. 

The  principles  of  the  preceding  articles  are  sufTicient  to 
solve  all  usual  problems  of  tmiform  flow  in  such  channels 
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ffhenlhe  values  of  the  ChcKycocfEicient  care  known.  These 
are  perhaps  best  detemiuied  by  Kutter's  foniiula,  and  ftjr 
greater  canvenii-nce  Table  44  has  been  preprircd  which  gives 
their  values  for  three  slopes  and  two  degrees  of  roughness. 
By  interpolation  in  this  table  vriluca  fur  intomiediatc  data 
may  also  be  foundj  for  instance,  if  the  hydraulic  radius 
be  J.5  feet,  the  slope  be  1  on  1000,  and  n  be  0.025,  l-he 
value  o(  c  is  found  to  be  74.5, 

As  an  example  of  the  use  of  the  table  let  it  be  required 

to  fijid  the  width  and  depth  of  a  ditch  of  most  advantageous 

cnss-scction.  whose  channel  Js  to  be  in  tolerably  gotid  orrler, 

so  that  «  =0,025.     ^^^  amount  of  water  to  be  delivered  is 

Joo  cubic  feet  per  second  and  the  grade  is  i  ir   1000,  the 

side  slopes  of  the  channel  being  i  00  i .     From  Art,  1 10  the 

rcbtion  between  the  bottom  width  and  the  depth  of  the 

■water  is,  since  the  angle  6  is  45°, 


fr-rf 


lysiqff 


acotfi    -o.aaSfi 


The  area  cf  the  cross-section  then  is 

a-rf(&f^cotfi)-T.aig^> 
and  the  wetted  perNneter  of  the  cross-section  la 

wh«>ce  the  hydraulic  radius  is  0.5J,  as  must  be  the  case 
for  all  trapezoidal  channels  of  most  advantageous  section- 
Now,  since  ii  is  uiJcnown,  c  cannot  be  taken  from  the  table, 
;i:nl  as  a  first  approximation  let  it  be  supposed  to  be  60. 
Then  in  the  general  formula  for  discharge  the  above  values 
are  substiLut«d»  giving 

joo  =60  Xi-S^Si'Vcs^X  0,001 


from  which  d  is  found  to  be  5.8  feet. 
feet,  and  from  the  table  c  is  about  71. 


Accordingly  r  =  s.g 
Repeating  the  com* 
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should  also  be  found  in  onl!- 
to  prevent  scouring  (An    I  . 
Experiments  from  ulii.  ' 
efficient  C  for  the  flow  i.i 
since  the  sewage  is  m<'^' ' 
ascertained  from  the  v 
formula  has  been   [\ii 
using  0,015  for  the  r- 
values  of  c  for  tim- 
surfaces.     The  v:ii\i' 
iicntcd  by   n  =o.r- 
rough  surfaces  ■ . 
cable  to  scwer^- 
foulc<l  or  luh*rr' 
generally  U'^'l  - 
and  the  geiiiT 
all  7>roblenii^  ■'■ 

Pro!).  UJ 
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eter  of  tin- 
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Art.  JU.     Lahce  Steel  and  Wood  Pipes 

!.,■  'n^  pipes  nf  large  size  are  usually  regarded  as  conduits 
•■•wn  whon  mnniiiR  under  pressure,  for  in  formula  (93),  the 
r,:ii'''  '■■  /  may  be  rcplnccd  by  the  slope  s  and  the  diameter 
*;  L?'  lour  times  the  hydraulic  radius  r;  then  it  beeomes 

V  =  V&g/fVrs  =  Q\/7s 

which  Js  the  same  as  the  Cheay  formula.  Values  of  c  may 
liL-  directly  computed  from  observed  values  of  v,  r,  and  s, 
iind  this  has  been  done  by  many  experimenters.  When 
VLilues  of  c  are  known,  all  computations  for  long  pipes  may 
t>e  made  exactly  like  those  for  circular  conduits. 

By  Herschel's  discussion  of  the  gaginjis  of  new  steel 
riveted  pipes  made  prior  to  1897  (Art.  101),  the  following 
■values  of  the  coefficient  c  were  derived  for  such  pipes  with 
taper  joints: 

Velocity,  f«i  per  Bemnd,  v—  i 

fur    i.i  iett  diameter,  C^^  .  . 

fur  3.5  f«t  diaraetcr,  c—  yS 

for  i-O  f«t  diamoter,  c—  97 

and  the  following  are  values  for  cylinder  jointed  pipes: 

■\"elo<nly(  feel  per  second,     t-i  ?  3  4  5  6 

ftiT  3,0  feet  diameltTj  c—    S6         95        103        iii        117        1J4 

ItfT   4.0  feel  diameter,  c  — 101        109        113        113        11?        112 

The  following  values  were  derived  by  Marx,  Wing,  and 
Haskins  from  their  gagings  of  a  6-foot  steel  riveted  pipe 
■writh   cylinder  joints: 


1 

3 

4 

5 

6 

III 

i'3 

116 

106 

109 

1 10 

1119 

109 

lOQ 

101 

104 

105 
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Velocity, 

r-=        1 

1 

? 

4 

5 

0       iChery, 
'^^')KuUer, 

c—      no 

no 

108 

in 

fi^a.013 

0,014 

o.o"5 

0.014. 

(Cheiy, 

C=            S3 
II —0    Djft 

9? 
D.016 

in? 
C.015 

104 
0.015 

o,ois 

and  the  increase  in  roughness  of  the  surface  during  two 
years'  use  is  indicated  by  the  decrease  in  c  or  by  the 
increase  in  n. 
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For  wooden  stave  pipes  the  gagings  of  Noble  and  th.' 
of  Marx,  Wingn  and  Haskins^  already  referred  to  in  Art.  I  CII*J 
furnish  the  fcnllowiiig  values  of  the  cocfTidents  c,  those  ^■\r^^r, 
for  the  6-fool  diameter  in  the  first  hne  being  for  new  pij:^^'. 
and  those  in  thu  second  line  after  two  years'  use; 


Velocity, 

3-7  fiwt  diuuivter, 

4,5  feci  diameter, 

3 

■    -     F 

J31 

ij6 

4 
128 

S 
116 

fi,o  («1  diamclcr, 
fi.o  f«t  diamclR-, 

C—      IDO 

130 

isa 
III 

'=5 

T7t 

Here  the  two  values  in  parentheses  have  been  found  by 
grapliie  discussion  of  the  results  of  the  cb5er\^ation5.  Fnr 
the  firat  of  thest  pipL's  the  value  of  Kutter'5  n  nuigcs  from 
o-oij  to  o.oia,  while  for  the  second  and  tbird  it  is  prac- 
tically constant  at  0,013. 

Prob.  114-  Cfjmpute  the  discharge  of  a  new  steel  riveted  pipe 
with  cylinder  joints,  and  also  that  of  a  wooden  pipe,  the  length 
of  each  being  6490  feel,  the  htad  37  feet,  and  the  diameler  60 
inches.  Compute  also  the  probable  discharge  after  two  years" 
use. 


I 


Art.  115.     Baiik's  Formula 

Tn  1897  Baiin  proposed  a  fonnula  for  open  channels  as 
the  result  of  an  extended  iliscussion  of  the  most  reliable 
gagings.*  Tn  it  the  coefficient  c  is  expressed  in  terms  o[ 
the  hytlraulic  radius  and  the  roughness  of  the  surface,  but 
the  slope  does  not  enter.      It  is 


v-C'/rF 


c- 


o,552+m/\/r 


(U5>. 


This  is  (or  English  measures,  r  being  in  feet  and  v  in  feel 
per  second,  and  the  quantity  m  has  the  following  values: 

»i  — 0.06  for  smooth  cement  or  matched  boards, 
fH  — 0.16  for  planks  and  bricks, 

*  Aflnalca  cks  pontB  el  chauBsiea,  1*197,  4'  irimcstrp,  pp,  20-701 


Air  lis 


Bazw'b  Formula 


291 


I 


#11  —  0.46  for  masonry, 

M— 0,85  for  regular  earth  beds, 

ffi  =  1.30  lor  canak  in  good  order. 

m  =  t.-js  ^of  canals  in  very  bad  order- 
Table  46  gives  values  of  c  computed  frcjm  (115)  for  these 
Values  of  m  and  for  se\"eral  values  of  r,  from  which  coefft- 
cient5  may  be  selected  f<>r  particular  surfaces.  It  niay  he 
rioted  thai  for  a  perfectly  smooth  surfiici'  where  rn  =  o,  the 
l^frmula  gives  v  =  tsSVrs,  which  cannot  be  correct  since 
uniform  velocity  could  not  exist.  For  this  extreme  case 
Kulier's  formula  appears  to  be  more  satisfactory,  for  if 
"  =  o  the  value  of  c  is  infinite.  However,  no  empirical 
lomula  can  be  tested  by  applying  it  to  an  extreme  case. 

A  comparison  of  the  values  of  c  obtained  from  the 
iormulas  of  Kutter  and  Bazin  only  serves  to  emphasize  the 
tmcertainty  regarding  the  selection  of  the  proper  coefficient 
in  jxirlieular  cases.  Kulier's  n  =  0,010  corresptinds  to 
Daain's  m— o.t6,  and  for  several  dilTerent  hydraulic  radii, 
the  coefficients  for  this  degree  of  roughness  arc  as  follows: 

nydraulic  radius  »  m  f«t, 
Fmm  Buin^s  fonnulo, 
Frnm  Kiittcr,  j— aoi, 
Frcm  Kulter,  j^oooi. 
From  Kutter,  j— aorpoofi, 

agreement  is  fair  for  a  hydraulic  radius  of  one  foot 
be  satisfactory  for  larger  radii.     This  is  perhaps 
sevwe  comparison  because  il  is  probable  that  no  channel 
ia  neat  cement  has  ever  been  constructed  having  a  hydraulic 
rjt'Hus  as  great  as  5  feet,  but  it  serves  to  £how  tliat  thtjao 
empirical  formulas  differ  widely  when  applied  to  unusual 
cases.    For  the  present,  at  least,  ttie  formula  of  Kutter 
appears  to  receive  the  most  general  acceptance,  but  un- 
doubtedly the  time  will  come  when  it  will  be  replaced  bv 
a  more  satisfactory  one.    An  actual  gaging  of  the  discharge 
by  the  method  of  Art.  123  will  always  give  more  reliable 
information  than  can  be  obtained  from  anv  formula. 
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For  a  hydraulic  railius  of  3.28  feel  KuttKr'a  fonnula  for 
c  Deduces  to  the  c^^nvenient  expression 

1.811 


whence 


V 


TS 


and  this  may  be  used  for  approximate  coinputations  when 
T  lies  between  2  and  t  feet-     Here  »  is  the  roughness  factor, 
the  values  of  which  are  given  in  Art.  111.    When  r—i.it%i 
feet,    Baain's   formula   gives  €  =  136  for  brickwork,    whilej 
Kutter's  gives  c:  =  i40i    for  camils  in  good  order   Bazinj 
fomiula  gives  c=6g,  while  Kutter"s  gives  c  =;?.    The  ccm- 
pjmson  IS  very  satisfactory,  and  so  close  an  agreement  '\i 
not  generally  to  be  expected  when,  computations  are  madej 
from  different  formulas.     The  formula  of  Bazin  is  largely] 
used  in  France  and  England,  and  that  of  Kutter  in  othei 
countries. 

Pmb.  Il5a,  Solve  Problem  111  by  the  use  of  Baain's  coeffi- 
cients.    ALsu  solve  Problem  1106. 


Art.  116.     Other  Formulas  for  Channels 

Many  attempts  have  been  made  to  express  the  mean 
velocity  and  discharge  in  a  channel  by  the  formulas 

where  x  and  y  are  derived  from  the  data  of  obBervation 
by  i^rocesscs  similar  to  those  explained  in  Art.  42.     As 
rule  these  attempts  have  not  proved  successful  CKcept  f 
sfjccial  classes  of  conduits,  as  the  exponents  of  r  and  J 
with   different   values  of   r  and   with  different  degrees   of 
roughness.     For  conduits  having  the  same  kind  of  surface 
a  formula  of  this  kind  may  be  established  which  will  gi\ 
good  results.      The  values  x^i   and  x  =  \  are   frequent! 
advocated,  y  being  not  far  from  j :   with  such  values  C  \ 
found  to  var>'  1^^^  f*^  certain  classes  than  the  c  of  the  Chezy 
formulaH  and  this  is  the  only  argument  in  favor  of 
nential  formulas. 
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Fra.  117 


From  their  gagings  cif  the  Sudbury  conduit,  Fteley  and 

I  Steams  detenmincd  a  formula  for  its  iiiean  velocity.     The 
section  consists  of  a  part  of  a  drck  of  <j.o  feet 
dj&metcr.    having   an    invert    of    ij.a2    feet 
radius.  whoKe  span  is  8,3  feet  and  ilepresKion 
»o.7  feet,  the  axial  depth  of  the  conduit  being 
7,7  feet.     The  conduit  is  lined  with  brick, 
having  cement  joints  one-i]iiarler  of  an  inch 
,      liick.    The  flow  was  allowed  to  occur  with  different  deptlis. 
lor  each  of  which  the  <lischarge  was  detemiined  by   wrir 
■  measurement-     A  discussion  of  the  results  led  to  the  con- 
I      elusion  Ihitl  in  thi?  portion  with  the  brick  lining  the  coeffi- 
cient c  had  the  value  tjyr^  '^  when  r  is  in  feet,  and  hence 
results  ibe  exponential  formula 

In  a  portion  of  the  conduit  w4icrc  the  brick  lining  was  coated 
'ilti  pure  cement  the  coeftiijient  was  found  to  be  from  7 
lo  S  percent  greater  than  127.  In  another  portion  where 
tfi*  brick  lining  was  covered  with  a  cement  wash  laid  on 
Willi  a  brush  the  coefficient  wa^  irom  1  to  3  percent  greater. 
For  a  long  tunnel  in  which  the  rock  sides  were  ragged,  but 

a  smooth  cement  floor,  it  was  found  to  be  about  40 

It  less  * 

As  a  sample  of  the  many  exponential  formulas  which 
teen  advocated,  those  derived  by  Foss  may  be  cited. 
For  surfaces  corresponding  to   Kutter's  values  of  n  less 
itlian  0.017  ^  finds  t 

rV  „CrU        or        E.=C^r^jA 


which  C  lias  the  following  values: 

f or "  ^  o.DQij     o.oio     0  ot  1     0.012     o.or3     0.0T5     0.017 
C=^33  ooo    19  coo    15  □□□    ia  ooo    la  ooo       800D       6000 

*  Ti:ans4C[ioii«  AinrdcHn  Sot-Kiy  Civil  Hnion^^^r  '*'R3.  vol.  r i,  p.  ■  14- 
t  Journal  ol  Aaajdaliun  (if  EngioHiing  5*KiFliFB,  iSg^,  vol  ij,  p.  195, 
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For  surfaces  corresponding  to  Kutter's  values  of  h  greater; 
than  o.oiS,  his  formula  is 

u=  =  Cr»j         or         ii-C^rM 


and  the  values  of  C  for  this  case  are 


for  H=p.MQ 

C—  5000 


0,035 

3000 


0.030 


1500 


For  circular  sections  running  full  he  also  proposes  the  for-; 
nula  s  =  o,ot*655*^/ii\  These  famiulas  are  open  to  objec- 
tion on  account  of  the  large  raiige  in  the  values  of  C 

Tn  conclusion,  it  may  be  noted  that  when  the  velocity 
is  very  low  the  Chezy  formula  is  not  valid.  In  such  a  case 
the  velocity  does  not  vary  with  the  square  root  of  the  slope, 
but  with  its  first  power,  the  same  conditions  obtaining  as 
in  pipes  [Art.  103).  A  glacier  moving  in  its  bed  al  the 
rale  of  a  few  feet  per  year  has  a  velocity  directly  x>r^^por- 
tional  to  its  slope.  Water  flowing  in  a  channel  -Rith  a 
velocity  less  than  one-quarter  of  a  foot  per  second  follows 
tlie  same  law.  and  the  formulas  of  this  chapter  cannot  be 
a])plted.  The  formula  for  this  case  is  v^Cr^s,  but  values 
of  C  arc  not  known.  ■ 

Proh.  116.  Crimpute  the  fall  of  thf  water  surface  in  a  length 
of  Tooo  fnet  fur  a  ditch  where  i'-3,62  feet  per  second,  r  — a.75 
feel,  and  «  =  0,035;  fij'st,  Ftjsa'  fonuula.,  and  second,  by  fonnula. 
(115)  and  BEizin'a  ccefficients 
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Art.  IIT,     Losses  o?  Head 

The  only  loss  of  head  thus  far  considered  is  that  due  tol 
friction,  but  other  sources  of  loss  may  often  exist.      As  in] 
tlie  flow  in  pipes,  these  may  be  classified  as  losses  at  cn-! 
trance,  losses  due  to  curvature,  and  losses  caused  bv  ob- 
structions in  the  channel  or  by  changes  in  the  area 
cross-section. 
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When  water  is  admitted  to  a  channel  from  a  reservoir  or 

pond  through  u  rectangular  sluice  there  occurs  a  contraction 

fiimilar  to  that  at  the  entrance 

into  a  pipe,  and  which  may  be 

nUrn  observed  in  a  slight  de- 
pression of  the  surface,  as  at  D 
in  the  diagram.     At  this  point,  ^^-  '^^^ 

therefore,  the  velocity  is  greater  than  the  mean  velocity  v. 
ind  a  loss  of  energy-  or  liead  results  from  the  subsequent 
expansion,  which  is  approximately  measured  by  the  differ- 
wice  of  the  depths  J,  and  dj,  the  former  being  taken  at  the 
enlrjnce  of  the  channel,  and  the  latter  below  the  depres- 
fflon  where  the  uniform  flow  is  fully  established.  According 
to  lie  experimenis  of  Dubuat,  the  loss  of  head  is 


d,-d. 


V 

ni  -- 

2g 


3ii  which  m  ranges  between  o  and  2  according  to  the  con- 
wxkttj  of  the  entrance.     If  the  channel  be  smallcompared 
with  the  reservoir,  and  both  the  bottom  and  side  edges  of 
the  entrancG  be  scjtiiirc,  tii  m:iy  be  nearly  2 ;    but  if  these 
frfges  be  munded,  iii  may  be  ^'er>'  small,  particularly  Lf  tlie 
bcfllom  contraction  is  suppressed-     The  remarks  in  Chapter 
Vrpgarding  suppression  of  the  contraction  apply  also  here, 
and  it  is  often  important  to  prevent  losses  due  to  contrac- 
tion by  rounding  the  approaches  to  the  entrance.     Screens 
ait  sometimes  placed  at  the  entrance  to  a  channel  ui  order 
to  keep  out  floating  matter ;   if  the  cross-section  of  the  chan- 
nel is  K  times  that  of  the  meshes  of  the  screen,  the  loss  of 
/lead,  according  to  (74),  is  [n  —  i)v^/2g. 

^F      The  loss  of  head  duo  to  bends  or  curves  in  the  channel  is 
fijnJiII  if  the  curvature  be  shglit.     Undoubtedly  every  curve 

t'e^  a  resistance  tn  the  rhange  in  direction  of  the  velocity, 
d  thus  requires  an  additional  head  to  cause  the  How  be- 
yond that  neede<i  to  ovi*rcome  the  frictional  resistances. 
SeveraJ  formulas  have  been  proposed  to  express  this  loss, 


OW    ly    CoN'DtTITa  AND    CA^ffALB 


Chai.  IX 


but  they  all  seem  unsatisfactory,  and  hence  will  not  be 
presented  here,  particularly  as  the   data   for  determining 

their  constants  are  ven'  scant.  It 
will  be  plain  that  the  loss  of  head 
due  lu  a  cuiA'C  increases  with  its 
len^M.h  and  decreases  with  its  radius, 
as  in  pipes  (Art.  S7).  When  a  chan- 
nel turns  with  aright  angle,  as  in  Fig. 
Fi(i,  ll7fc  UT^  the  loss  of  head  may  be  taken 

as  equaJ  to  the  velocity-head,  since  the  experiments  uf  Weis- 
bach  on  such  bends  in  pipes  indicate  that  value.  In  this 
case  there  is  a  contraction  of  the  stream  after  passing  the 
comerand  the  subsequent  impact  causes  the  loss  of  head. 

The  kisses  of  head  caused  by  sudden  enlargement  or  by 
sudden  contraction  of  the  cross-section  of  a  channel  may  he 
estimated  by  the  rules  deduced  in  Arts,  74  and  75-  In  order 
to  avoid  these  losses  changes  of  section  should  be  made 
gradually,  so  that  energy  may  not  be  lost  in  impact.  Ob- 
structions or  submerged  dams  may  be  regarded  fls  causing 
sudden  changes  of  section,  and  the  accompanying  losses  of 
head  are  governed  by  similar  laws.  The  numerical  estima- 
tion of  these  losses  will  generally  be  difficult,  but  the  prin- 
ciples which  control  them  will  often  prove  useful  in  aming- 
inR-  the  design  of  a  channol  so  that  the  maximum  work  of 
the  water  can  be  rendered  available.  But  as  all  losses  of 
head  are  directly  proportinnal  to  the  velocity-head  v^/^g,  it 
is  plain  that  they  can  be  rendered  inappreciable  by  giving 
to  the  channel  such  dimensions  as  will  render  the  mean 
velocity  very  smal].  This  m&y  sometimes  be  important  in 
a  short  conduit  or  fiume  which  conveys  water  from  a  pond 
or  resen.-oir  to  a  hydraulic  motor,  particularly  in  cases 
where  the  supply  is  scant,  and  where  all  the  available  head 
is  required  to  be  utilized. 

If  no  losses  of  head  exist  except  that  due  to  friction, 
this  can  be  computed  from  (86J  if  the  velocity  v  and  the 


( 
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ccvffinent  c  be  known.  For  sintt  the  value  of  s  is  v^/ch 
and  also  h/t,  where  /;  is  the  fall  expended  in  o\"ercc»ming 
iricliun,  h  may  be  fuund  froni 

h^h'-lv'/^^  (117) 

but  thus  computation  will  usually  be  liable  to  a  large  pcr- 
cmtage  of  error. 

Aa  an  example  of  the  computations  which  sometimes 
OKurin  practice  the  following  tictual  case  will  be  discussed. 
From  a  canal  A  water  is  carried  through  a  cast-iron  pipe  B 


Fro-  11 7c 

loan  open  wooden  forebay  C".  where  it  passes  through  the 

OTilict  D  and  falls  upon  an  overshot  wheel.     At  the  mouth 

^iths  pipe  is  a  screenn  the  area  between  the  meshes  being 

o»half  that  of  the  cross-section  of  the  pipen     The  pipe 

tt  5  feet  in  diameter  and  3a  feet  Itmg.     The  forebay  is  of 

unplaned  timber,  5  feet  wide  and  38  feet  long  and  it  has 

ihrve  right-angled  bends.     The  orifice  is  5  inches  deep  and 

inches  wide,  with  standard  sharp  edges  on  lop  and  sides 

^contraction  suppressed  on  lower  side  sc  that  its  coeffi- 

of  contraction  is  about   0.68   and   its   coefficient   of 

aty  about  0.98,     The  water  level  in  the  canal  being 

15  feet  above  the  bottom  of  the  orifice,  it  is  required  to 

the  loss  of  head  between  .1  and  D. 

_  The  tjial  head  0.1  the  center  of  the  orifice  's  3.75  — 0.30S 
B.54J  feel,  Ltt  v^  be  the  me;m  velocity  in  the  pipe,  v 
Kt  in  the  forebay,  and  V  that  in  the  contracted  section 
l^ond  the  orifice.  The  area  of  the  cross-section  of  the 
lipe  is  7.07  square  feet;  that  of  the  forebay,  taking  ihe 
[^pth  rf  water  as  3.7  feet,  is  18,5  square  feet,  and  that  of 
be  contracted  section  of  the  jet  issuing  frxan  the  orifice 
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is  0.945  square  feet.  It  will  be  convenient  to  express  all 
losses  of  head  in  terms  of  the  velocity-head  v^/zg,  and 
hence  the  first  operation  is  to  express  v^  and  V  in  terais 
of  V.  or  z',  — a. 621/ and  K  =  19.681;.  Starting  with  the  screen, 
the  loss  of  head  due  to  expansion  of  section  after  the  water 
passes  through  it  is,  by  Art.  74, 

The  loss  of  head  in  friction  in  the  pipe,  using  0.0a  for  the 
friction  factor  is,  by  Art.  86, 

«  -/-J         "1-4 — 
d  sg  ^2g 

The  loss  of  head  in  the  expansion  of  section  from  the  pipe, 
to  the  forebay  is,  by  Art,  74, 

The  loss  of  head  in  friction  in  the  forebay,  taking  c  from 
Table  46  for  the  hydraulic  radius  1,5  feet  and  the  degree 
of  roughness  m  — 0.16,  is 

c'r         2g 

The  loss  of  head  in  the  three  right-angled  bends  of  the  fore- 
bay  is  estimated,  as  above  noted,  by 

The  loss  of  liead  on  the  edges  of  the  orifice  is,  by  Art.  56, 

h  -0.041^  =  15-9'^ 

Now  the  total  head  is  expended  in  these  lost  heads  and  in 
the  velocity-head  of  tlic  jet  issuing  from  the  orifice,  or 

3.543  =39.9 ■=417 — 
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^m  which  the  value  of  v^ig  is  fcrund  to  be  0,00851  feet. 
filially  the  luUil  loss  ol  head  befort?  reaching  the  orifice  is 

tig.g—  15.9) — "14.0X0-00S5T  — o.TTg  feet 

and  therefore  the  water  surface  at  D  is  0.119  ^^^  lower  than 
ihat  at  A^  and  the  prussuro-heyd  on  the  center  of  the  orifice 
^  j'43,^  f*^^-  This  13  the  result  of  the  computations,  but 
on  making  measurements  with  an  engineer's  level  the  water 
surface  at  D  was  found  to  be  0.125  ^*^*^^  Ifiwer  than  that  at 
k^  ;   the  error  ol  the  computed  result  is  therefore  0.006  feet. 

^^■^rob,  117.  Compute  from  the  above  data  the  velocities  v, 
B^^Dlci  V  and  the  discharge  througli  the  orifice.     Show  that  the 
head  lost  in  passing  through  the  screen  was  0-050  feeti  which  is 
than  halt  gf  the  lotah 


Art.  us.     Velocitib3  in  a  Cross-sectiow 

For  a  circular  conduit  running  full  and  under  pressure 
le  velofities  in  dilTereEit  parts  of  the  section  vary  similarly 
those  in  pipes  (Art,  S3),  ^\Tieri  it  is  partly  full,  so  that 
le  water  Elows  with  a  free  surface,  the  air  resistance  along 
that  surface  is  much  smu,llcr  tlian  that  along  the  wetted 
perimeter,  and  hence  the  surface  velocities  are  greater  tlian 
those  ne^r  the  perimeter.  Fij;.  118  illustrates  the  varia- 
of  velocities  in  a  cross-section  of  the  Sudbury  conduit 
Jhen  the  water  was  about  3  feet  deep,  as  determined  by 
le  gagings  of  Fleley  and  Steams.*  The  97  dots  are 
le  points  at  which  the  velocities  were  measured  by  a  cur- 
Lt  meter  (Art.  40)  and  the  vt^ocity  for  each  point  in  feet 
per  second  is  recorded  below  it.  From  these  the  contour 
curves  were  drawn  wliich  show  Llearly  tlie  manner  of  varia- 
tion of  velocity  throughout  this  cross-section  Since  the 
dots  are  distributed  over  the  area  qtute  uniformly,  that  area 
ly  be  regarded  as  (Jivided  into  97  equal  parts,  in  each  of 
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which  the  velocity  is  that  observed,  and  hence  the  mean 
of  the  97  observations  is  the  mean  velocity  (Art.  39).  Thus 
is  found  V  —  2.620  feet  per  second,  and  this  Js  85  percent  of 
the  maxinium  observed  velocity. 


•tUtl  or  FIET 

■        1- 


Fig,  118 


If  all  the  filaments  of  a  stream  of  water  in  a  channel 
have  the  same  uniform  velocity  v,  the  kinetic  energy  per 
second  of  the  flow  is  the  weight  of  the  discharge  multipiied 
by  the  velocity-head;   or 

K  =  W—  =tvq—=wa — 

2g  ^2g  2g 

in  which  11"  is  the  weight  of  the  water  delivered  per  second, 
w  is  the  weight  of  one  cubic  unit,  q  the  discharge  per  second, 
and  a  the  area  of  the  cross-section.  For  this  case,  there- 
fore, the  energy  of  the  flow  is  proportional  to  the  area  of 
the  cross-section  and  to  the  cube  of  the  velocity.  Since, 
liowe\'er.  the  filaments  have  different  velocities  this  expres- 
sion ma.y  l>e  applied  to  the  actual  flow  by  regarding  t  as 
the  mean  velocity.  To  show  that  this  method  %vill  be  essen- 
tially correct,  the  above  figure  may  be  discussed,  and  for  it 
the  true  energy  per  second  of  the  flow  is 
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now  the  ratio  of  this  true  kinetic  energy  to  tht?  kinetic  energy 
ra^iressed  ia  temia  of  the  mean  velocity  is 

IC     V  +  v.'+...  +v„* 

By  cubing  each  individual  velocity  and  also  the  mean  ve- 
lucity,  there  is  found  K'  =Q.'ii}92K.  so  that  in  this  instance 
tht  two  energies  are  practically  equal,  and  hence  it  is  prob- 
able that  in  most  cases  computations  of  energy  from  mean 
Vflodty  give  results  essentially  correct, 

Prob,  1  IS-  Draw  a  vertical  plane  through  the  middle  of  Fig, 
US  and  construct  a  lougitu'Iinol  vortital  section  E^howtng  the 
dirtribution  r>f  velocities.  Also  draw  a  horizontal  plane  through 
the  region  of  maximum  velocity  and  construct  a  longitudinal 
Wiiontal  aeclion.  Ascertain  whether  the  curves  of  velcKily  ior 
thoe  sections  are  best  represented  by  parabolas  or  by  elUpses. 


Art,  119,     Computation's  in  Metric  Measvres 

(Art,  HXJ)  The  coefficient  c  in  the  Chezy  formula  de- 
peoils  upon  ttie  lineur  unit  of  measure.  Let  c,  bo  the  value 
»hen  V  and  r  are  expressed  in  feet  and  c,  the  value  when  'a 
aal  r  are  expressed  in  meters,  and  let  g^  and  g,  be  the  cor- 
rraponding  values  of  the  acceleration  of  gravity,  Then 
auice  c  =  ^  3g//,  it  is  seen  that 

'  C,-Ci\/g^£,°cy5. 80/32.16  =o.S53Ci 

Hence  any  value  of  C  in  the  English  system  may  he  trana- 
fomned  into  the  corresponding  metric  value  by  multiplying 
iby  0.55a-      The  metric  value  of  c  for  conduits  and  canals 
ly  lies  between   j6  and  loo, 

(Art.  107)     Table  38  gives  values  of  the  Chezy  coefG- 
:ient  C  for  circular  conduits,  full  or  partly  full     In  using 
it  a  tentative  method  must  be  employed,  and  for  this  pur- 
there  may  be  used  at  first, 

mean  Chezy  coefficient  c  =68 
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and  then,  after  v  has  been  I'cmputcd,  a  new  value  of  c  is 
taken  from  the  table  and  a  new  71  is  found.  For  example, 
let  it  be  required  to  find  tlie  velcxity  and  diacliarge  of  a 
circular  conduit  of  r.5  meters  diameter  when  laid  on  a 
grade  of  o.B  meters  in  1000  meters.     First, 

t/  — 6SXiVi,5  Xo.oodS  =  i.iS  meters  per  second 
and  for  this  velocity  the  tHbIc  gives  about  77  for  c.  A 
second  computation  then  gives  v^i,^^  meters  per  second 
and  from  the  tabic  c  is  7S.2.  With  this  value  is  found 
f  =  i,35  meters  per  second,  which  maybe  regarded  as  the 
final  result.  Whi^n  running  full  the  discharge  of  this  con- 
duit is  0.7854  Xi-5'XJ-3S  —  2-39  cubic  rneters  per  second, 

(Art.  108)     Tabic  39  is  the  same  for  all  systems  of 
measures.       The   results   on   page  275,   for   Bazin's    semi- 
circular  conduits   of    1.25    meters    diitmeter    on    a    slope 
s  "0,0015,  ^^  35  follows,  when  all  dimensions  are  in  meteis; 
For  cement  Hdngr  For  morUir  tiniag. 

if  r  -a        c  it  r  Tf  c 

o.fi^s     0.314     i.Bs     B5  o.6ji     0,31^     i,fi9     7S 

o,49J     0.364      ^-*'      Si  0.515     0.375     i'St     75 

0.314     0.1&5      I.J7     76  0-33J     0194     1-18     69 

o.iSo     o.  u?     a.97     7L  i:^.  1&6     D.I  16     0.&9     66 

Here  the  coefficient  C  for  any  depth  d'  may  be  roughly  ex- 
presaed  by  ^,  —  30(4^/  —  ^')^  where  c,  is  the  coefficient  for 
the  conduit  when  running  half  full. 

(Art.  1091  Table  41  gives  metric  values  of  c  for  wooden 
and  rectanguliir  sections  on  a  slope  5-0-0045,  =^  deter- 
mined by  the  work  of  Darcy  and  Bazin, 

(Art.  110)      In  designing  channels  in  earth  the  following 
values  may  be  used  for  preliminary  computations: 
for  unpl:innfl  plank,  C  — 55  tn  06 

for  smocth  masonry,  c  =  50  to  fit 

for  cJean  earth,  ^^33  to  40 

for  stony  earth,  c-=  J3  to  33 

for  rough  stone,  c  =■  1  g  (e  j8 

for  earth  foul  with  weeds,        c  =  i7  to  aS 
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(All.  Ill)      When  r  is  in  meters  and  v  m  meters  per 
scccmd  Gutter's  formuJ^L  takca  ihc  form 


-+^3  + 


0.00:55 


1  + 


U"-°-^) 


[11^)1 


in  which  the  number  «  depends  upon  the  roughness  of  the 
Burfactf,  its  values  being  thu&e  given  on  page  262.  It  may 
be  noted  that  when  the  hydraulic  radius  r  is  one  rneter, 
llie  value  of  c  is  i/fi. 

(Art.  112)  Metric  coeflicients  for  sewers  will  he  found 
in  Table  43.  As  these  are  given  to  the  nearest  luut  only, 
the  error  in  using  them  is  slightly  greater  than  with  the 
bi^  coefficients  of  the  English  system.  In  important 
cases  the  values  of  c  may  be  directly  computed  from  Kuttcr's 
loratuTa. 

(Axt,  113)  Table  45  in  metric  measures  corresponds  to 
Table  44  in  English  measures  and  is  used  in  the  same  manner. 

(Art.  1 14)  The  metric  coefficients  c  for  steel  and  Wfjod 
pipes  may  be  obtained  from  those  in  the  text  by  mul- 
tiplying by  0.55a,  while  the  velocities  and  diameters  may 
ei5ily  be  replaced  by  metric  equivalents  with  the  help  of 
Table  3. 

f  Art,  115)     The  vnlncs  of  c  in  Tabic  47  have  been  tnlten 
Tora  the  more  extended  table  pubUshed  in  1897  by  Bazin» 
while  those  in   Table   <U\   have   been   computed  by   (115). 
In  metric  measures  Bazin's  formula  is 

S7 


v^cVri 


c  — 


ai9), 


3  +  m/Vr 

which  m  has  the  values  given  on  page  290. 

(Art-  116)  The  metric  formula  fc^r  the  Sudbury  conduit 
l^-So,Q^"*'J=^  and  Fo«?s'  formula  for  circular  condmts 
larye  pipes  when  running  full  its  j  =  o.oii8^('-/ii\ 
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Prob.  119a.  Compute  the  value  of  c  for  a  circular  conduit  1,4 
meters  in  diameter  which  delivers  4.86  cubic  meters  per  second 
when  running  full,  its  slope  being  0.008. 

Prob.  1196.  Find  the  hydraulic  radius  for  a  circular  conduit 
of  J. 6  meters  diameter  when  the  water  is  i.a  meters  deep. 

Prob.  life.  If  the  value  of  c  is  30,  compute  the  depth  of  a 
trapezoidal  section  to  carry  10  cubic  meters  per  second,  the 
slope  s  being  0.0015,  ^^^  bottom  width  double  the  depth,  and 
the  sides  making  an  angle  of  34  degrees  with  the  horizontal. 

Prob.  Il9d.  A  conduit  lined  with  neat  cement  has  a  cross- 
section  of  3.45  square  meters  and  a  wetted  perimeter  of  5.0a 
meters  and  its  slope  is  0.00025.  Compute  the  discharge  in  liters 
per  34  hours,  {a)  by  Kutter^s  formula^  and  {b)  by  Bazin's 
fonnula. 


Art.  120.     General  Considerations 

Steady  flow  in  a  river  channel  occurs  when  the  same 
quantity  nf  wiiter  passes  each  section  in  one  socond;  here 
the  mean  velocities  in  different  sections  vary  inversely  as 
the  arcHS  of  Ihose  sections.  Uniform  (low  is  that  particular 
case  of  steady  flow  where  the  sections  considered  are  equal 
in  area.  Uniform  flow  and  some  other  cases  of  steady  flow 
will  he  mainly  considered  in  this  chapter.  Non-steady  f5ow 
occurs  when  the  stage  of  a  river  is  rising  or  falling,  and  Art. 
126  treats  of  this  case. 

No  branch  of  hydraulics  has  received  more  detailed 
investigation  than  that  of  the  flow  in  river  channels,  and 
yet  the  subject  is  but  impt'rrcctly  understood.  The  great 
object  of  all  these  investigations  has  been  to  devise  a  sim- 
ple method  of  determining  the  mean  velocity  and  discharge 
without  tlie  necessity  of  expensive  field  operations.  In  gen- 
eral it  may  l>e  said  that  tJiis  end  lias  not  yet  been  attained. 
ev&n  for  the  case  of  uniform  flow.  Of  the  various  formulas 
proposed  to  represent  the  relation  of  mean  velocity  to  the 
lulic  radius  and  the  slope,  none  has  proved  to  be  of 

leral  practical  value  except  the  empirical  one  of  Chezy 
given  in  the  last  chapter,  and  this  is  often  inapplicable 
on  account  of  the  difficulty  of  measuring  the  slope  s  and 
^determining  the  coefficient  c.  The  fundamental  equations 
ssing  tlie  laws  of  variation  in  the  mean  velocity  v 
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radius,  and  all  the  general  principle&  of  tlie  last  chapter  are 
tt)  he  taken  as  dirtt-tly  applicable  to  uniform  flow  in  natural 
clianiids. 

Kutter's  formula  for  the  value  of  c  is  probably  the  best 
in  the  present  state  of  scicTice,  although  it  is  now  generally 
recognizt^l  that  it  gives  too  large  values  for  small  alopes. 
In  using  it  the  coefficients  for  rivers  in  good  condition  may 
be  taken  from  Table  44,  but  for  bad  regimen  n  is  to  be 
taken  at  0.03.  and  for  wild  torrents  at  0.04  or  0.05.  It  is, 
however,  too  much  to  expect  that  a  single  formula  should 
accurately  eitpress  the  mean  velocity  in  small  brooks  and 
large  rivers,  and  the  general  opinion  now  is  that  ellorts  to 
Cfitablish  such  an  exprussion  will  not  prove  successful.  In 
the  present  state  of  the  science  no  engineer  can  afford  in 
any  case  of  importance  to  rely  upon  a  formula  to  furnish 
nnything  more  than  a  rough  approximation  to  the  discharge 
in  river  channels,  but  actual  field  measurements  of  velocity 
must  he  made. 

When  these  formulas  are  used  to  determine  the  dis- 
charge of  a  river  a  long  straight  portion  or  reach  should  be 
selected  where  the  cross -sections  are  uniforni  in  shape  and 
size.  The  width  of  the  stream  is  then  dlWded  into  a  num- 
l#r  of  parts  and  soundings  taken  at  each  point  of  division. 
The  data  are  thus  obtained  for  computing  the  area  a  and 
the  wetted  perimeter  f^.  from  which  the  hydraulic  depth  r 
is  derived.  To  determine  the  slope  s  n  length  i  is  to  be 
measured,  at  each  end  of  which  bench-marks  are  established 
whose  diJTerencc  oi  elevation  is  found  by  precise  levels. 
Tile  elevations  of  the  water  surfaces  below  these  benches 
arc  then  to  be  simultaneously  taken,  whence  the  fall  h  in 
the  distance  i  becomes  known.  As  this  fall  is  often  small, 
it  ift  very  important  that  ever>'^  precaution  be  taken  to 
uvoid  error  in  the  measurements,  and  that  a  number  of 
llicm  be  taken  in  order  to  secure  a  precise  mean.  Care 
fth'iiild  be  observed  that  the  stage  of  water  is  not  varying 
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whife  these  observations  are  being  madCf  and  fr?r  this  anil 
oihcT  purp<^ea  a  permanent  gage  board  must  be  cstablishcd. 
h  is  also  vtTy  important  that  the  points  upon  the  water 
surface  which  are  selected  for  eompariaan  should  be  situated 
was  lo  be  free  from  local  influences  such  as  eddies,  since 
Ihesc  often  cause  marked  deviiitioiis  fmm  Iho  normiil  sur- 
face of  the  stream.  If  hook  j^ges  can  be  tised  for  referring 
ihc  water  levels  to  the  benches  probably  the  most  accurate 
resists  can  be  obtained.  It  has  been  observed  that  the 
wrfate  of  a  swiftly  flowing  stream  is  not  a  plane,  but  a 
Tlinder,  which  is  concave  to  the  bed^  its  highest  elevation 
Wng  where  the  velocity  is  greatest,  and  hence  tlie  two 
pfinis  of  reference  should  be  kvaled  similarly  with  respect 
^  the  axis  of  the  current.  In  spite  of  all  precautions,  how^ 
*^Tr.  the  relative  error  in  h  will  usually  be  large  in  the  case 
li  slight  slopes,  unless  I  be  very  long,  which  cannot  often 
occur  in  streams  under  conditions  of  ujiifonnity. 

Owing  to  the  uncertainty  of  determinations  of  discharge 
inade  in  the  manner  just  described,  the  common  practice  is 
10  gage  the  stream  by  velocity  observations,  to  which  sub- 
ject, therefore,  a  large  part  of  this  chapter  will  be  devoted. 
The  methods  given  are  equally  applicable  to  conduits  and 
canals,  and  in  Art-  12-5  will  he  founii  a  summary  which 
hricfly  compares  the  various  prcxKsses. 

Prob.  120.  Which  has  the  greater  discharge,  a  sireaTn  i  feet 
dwp  anO  85  feet  wide  011  a  slope  of  t  foot  per  mile,  or  a  stream 
fwt  deep  and  40  feet  widt:  on  a  slope  of  a  feet  per  mile? 


Art.  12L    Velocities  in  a  Choss-sectjok 

The  mean  velocity  v  is  the  average  of  all  the  velocities 

of  all  the  small  sections  or  filaments  in  a  cross-section  £Art. 

^pO£).     Some  of  these  individual  velocities  are  much  smaller, 

^»nd    others    materially    larger,    than    the    mean    \'clocity. 

Along  the  bottom  of  the  stream,  where  the  frictional  resist- 

Acces  ate  the  greatest,  the  velocities  are  the  least;    along 
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the  center  of  the  stream  tliey  are  the  greatefitn  A  biief 
statement  of  the  general  laws  of  variation  of  these  velocities 
will  now  be  made- 

In  Fig-  121  there  is  shown  at  ^  a  cross-section  of  a 
stream  \i'ith  contour  cur\'es  of  equal  velcxrity;  here  the 
greatest  velocity  is  seen  to  be  near  the  deepest  part  of  the 

section     a    short     dis- 

z\  lance   below  the  but- 

face.     At  B  is  shown 


rmm 


Fig-  171 


^  a  plan  of  the  stream 
with  arrows  roughly 
representing  the  sur- 
face velocities ;  the 
greatest  of  these  is 
swn  to  be  near  the  deepest  part  of  the  channel,  while  the 
others  diminish  toward  the  banks,  the  curve  showing  the 
Jaw  of  variation  rcsemhlmg  a  parabola.  At  C  is  showTi 
by  arrows  the  variation  of  velocities  in  a  vertical  line,  the 
smallest  being  at  the  bottom  and  the  largest  a  short  dis- 
tance below  the  surface;  concerning  ihis  curve  there  has 
been  much  contention,  but  it  is  commonly  thought  to  be 
a  parabola  w^hoae  axis  is  hfirizontaL  These  are  the  general 
laws  of  the  \'arialion  of  velocity  throughout  the  crosK-seo- 
tion ;  the  particuJar  relations  are  of  a  complex  chara^rter, 
snd  vAry  so  greatly  in  channels  of  diitprent  kinds  that  it 
is  difficult  to  formulate  them,  ahbough  many  att«npts 
to  do'fto  have  l*een  made,  So»ne  of  thi^se  formulas  which 
connect  the  mean  velocity  w-ith  particular  velocities,  such 
M  the  maximum  surface  vekxily,  micl-i!epth  velocity  ia 
the  axis  of  the  stream,  etc.,  »-ill  be  gi\-en  in  Art.  I24_ 

Humphreys  and  Abbot  deduced  in  1861  for  %ht^  MUsis- 
Mpp4  river*  an  equation  of  thr  rrwaa  curve  of  mean  ve- 
h<ittCB  in  A  %-ertical  Knc.  oan^. 
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in  which  V  IS  the  velocity  at  an}'-  distance  y  above  or  below 
ihf  horizontcLJ  axis  o(  the  parabolic  cune  and  d  is  the 
depth  of  the  water,  the  axis  being  at  the  distance  o.iQ^d 
tdow  the  surface.  The  depth  of  the  axis  was  found,  how- 
ever, lo  var>'  greatly  with  the  wind,  an  up-stream  wind 
of  force  4  depressing  it  to  niid-depth  and  a  down-stream 
f      vfwd  of  force  5.3  elevating  it  to  the  surface, 

t  In  a  straight  channel  having  a  bed  of  a  uniform  nature 

'  the  deepest  part  is  near  the  middle  of  its  width,  while  the 
two  sides  are  approximately  symmetrical.  In  a  river 
bend,  however,  the  deepest  part  is  near  the  outer  bank, 
while  on  the  inner  side  the  water  is  shallow,  the  cause  of 
this  is  undoubtedly  due  Co  the  centrifugal  force  of  the  cur- 
rent, which,  resisting  the  change  in  direction,  creates  cur- 
rents which  scour  away  the  outer  bank  or  prevents  deposits 
from  forming  there,  ,  It  is  well  known  to  all  that  rivers 
of  the  least  slope  have  the  most  bends;  perhaps  this  is  due 
to  the  greater  relative  influence  of  such  cross  currents 
(see  .Art-  147). 

kThe  theory  of  the  flow  of  water  in  channels,  like  that  of 
ow  in  pipes,  is  based  upon  the  supposition  of  a  mean  ve- 
jcity  which  is  the  average  of  all  the  parallel  indivirluiil  voioc- 
iticfi  in  the  cross-section.  But  in  fact  there  are  numerous 
sinuous  motions  of  particles  from,  the  l.wttom  to  the  surface 
which  also  consume  a  fiortion  of  the  lost  head.  The  influ- 
ence of  these  sinuosities  is  as  yet  but  little  umlerstood; 
wben  in  the  future  this  becomes  known  a  better  theory 
may  be  possible. 

Prob.  I2la.  Find  the  approximate  discharge  of  a  stream 
whose  width  is  300  feet,  depth  3  feet,  slnpe  0.6  feet  per  mile, 
when  the  bottom  is  very  stony  and  in  bad  condition. 

prob.  12!^.  Show  that  the  above  formula  for  velocities  in 
vertical  can  be  put  into  the  form 

C-3-T9  +  o,47KV'')+o-70"ClM' 
which  X  is  the  depth  below  the  surface. 
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The  method  for  meiisuring  the  discharge  of  streams 
which  has  been  most  extensively  used  is  by  observing  the 
velocity  of  flow  by  the  !iel|)  of  floats.  Of  these  there  are 
three  kinds — surface  floats,  double  floats,  and  rcxi  floats, 
Surfat.'e  flo:its  should  be  sufficieTitly  submerged  so  as  to 
thoroughly  partake  of  the  motion  of  the  upper  filaments, 
and  should  be  made  of  such  a  form  as  not  lo  readily  be 
affected  by  the  wind.  The  lime  of  their  passage  over  a 
given  distance  is  detennined  by  two  observers  at  the  ends 
of  a  base  on  shore  by  stop-watches ;  or  only  one  watch  may  m 
be  used,  the  instant  of  passing  each  5e<:tion  being  signEilled 
to  tlie  time-keeper.  If  /  l>e  the  length  of  the  base,  and  t 
the  time  of  passage  in  seconds,  the  velocity  of  the  float  is 
v  =  i/t.  When  there  are  many  obser\'ations  the  numerical 
work  of  di^nsion  is  best  dene  by  taking  the  reciprocals  of  t 
from  a  table  and  multiplying  them  by  i.  which  for  con- 
venience may  be  an  even  number,  such  as  loo  or  3oo  feet. 

A  sub-surface  float  consists  of  a  small  surface  float 
connected  by  a  fine  cord  or  wire  with  the  large  real  float, 
which  is  weighted  so  as  to  remain  submerged  ami  keep 
the  cord  reasonahly  taut.  The  surface  float  should  be 
made  of  such  a  form  as  to  offer  but  slight  resistance  to 
the  motion,  while  the  lower  float  is  lai^e»  it  being  the 
object  of  the  combination  to  determine  the  velocity  of  the 
lower  one  alone.  This  arrangement  has  been  extensively 
used,  but  it  is  probable  that  in  all  cases  the  veiocitv  of 
the  large  float  is  somewhat  affected  by  that  of  the  upper 
one,  as  well  as  by  the  friction  of  the  cord.  In  general 
the  use  of  these  floats  is  not  to  be  encouraged,  if  any 
other  method  of  measurement  can  be  devised. 

The  rod  float  is  a  liollow  cylinder  of  tin,  which  cart 
be  weighted  by  dropping  in  pebbles  or  shot  so  as  to  stand 
vertically  at  any  depth.     When  used  for  velocity  deteimi- 
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nations  they  are  weighted  so  as  to  reach  nearly  to  the 

bottom  of  the  channel,  and  the  time  o£  passage  o\'er  a, 

kniittT]   distance    determired    us    abovt!    explained.     It    15 

ofta^  sla^led  that  the  velocity  o£  a  rod  float  is  the  niean 

vtlcdty  of  all  the  fllaments  in  ecntaot  with  it.     Theoretically 

this  is  not  the  case,  but  the  rod  moves  a  little  slower. 

Huwcwr,  in  practice  a  rod  cannot  reach  quite  to  the  ix:d 

of  the  stream,    and   Francis   has   deduced    the    following 

empirical  formula  for  findiiig    the  mean  velocity    l"«  of 

all  ihe  filaments  between   the  surface  and  the  bed  from 

the  observed  velocity  Vr  of  tlie  rod: 


r..  =  r,(i.oi2-o.Ti6vVM 

in  which  d  is  the  total  depth  of  the  stream  and  d'  the 
depth  of  water  below  the  bottom  of  the  rod.*  This  ex- 
pression is  probably  not  a.  valid  one,  unless  d'  is  less  than 
about  one-quarter  of  d]  usually  it  will  be  best  to  have 
rff  as  small  as  the  character  of  the  bed  of  the  channel 
will  allow. 

The  log  used  by  seamen  for  ascertaining  the  speed 

Ufii  vessels  may  be  often   conveniently  used  as  a   surface 

HSDat   when   rough  determinations   only   are   required,    it 

~B«ng  thrown  from  a  boat  or  bridge.     The  cord  of  course 

must  be  pre\'ioiisly  stretched  when  wet,  so  that  its  length 

may  not  be  altered  by  the  immersion;    if  graduated  by 

tags  or  knots  in  divisions  of  six  feet,  the  log  mjiv  be  allowed 

to  float  for  one  minute,  and  then  the  number  of  di^-isions 

nin  out  in  this  time  will  be  ten  limes  the  velocity  in  feet 

per  second. 

K       The  deteimination   of   particular  velocities   in   stxeams 

Vby  means  of  floats  appears  to  be  simple,  but  in  practice 

many   uncertainties   are   found   to   arise,   owing   to  wind, 

eddies,  local  currents,  etc.,  so  that  a  number  of  observations 

generally  required   to   obtain   a   precise   mean   result. 

*  Lowell  Hydiaulic  £xpeiimeii1s,  ^ih  Ediliim,  p.  195, 
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For  cond-uits,  canals,  and  for  many  rivers  the  use  of  a 
current  meter  will  often  be  found  to  be  more  satisfactory 
and  less  expensive  if  many  observations  are  required. 

The  current  meter,  described  in  Art.  40,  is  generally 
Operated  from  a  bridge  in  the  case  of  .a  small  stream, 
but  it  must  be  often  operated  from  an  anchored  boat 
in  large  rivers.  In  the  latter  case  precise  measurements 
of  surface  velocities  may  be  difficult  on  account  of  the 
eddies  around  the  boat.  Even  when  operated  from  a 
bridge  successful  operation  is  rfot  easy  when  the  velocity 
exceeds  4  or  5  feet  per  second,  and  special  expedients  are 
necessary  to  keep  the  meter  in  position.  However,  the 
current  meter,  accurately  rated,  will  in  general  do  better 
work  than  can  be  done  by  floats. 

Other  current  indicators  less  satisfactory  for  work  in 
streams  are  the  Pitot  tube  and  the  hydrometric  pendulum, 
shown  in  Fig,  122.  The  former  has  not  been  found  valua^ 
ble  for  river  measurements,  although  it  has  proved  to  bt 
an  instrument  of  great  precision  for  other  classes  of  work 

(Art.    41).    and    the    latter,    al- 

T-     V^         though  used  by  some  of  the  early 

_J :^^\  hydraulicians,  has  long  been  dis- 

=   carded  as  giving  only  rough  in- 

^  dications.     The    same    may    be 

"7  said  of  the  hydrometric  balance, 

in  which  weights  measure  the 
intensity  of  the  pressure  of  the  current,  and  of  the  torsion 
balance,  in  which  the  pressure  of  the  current  on  a  sub- 
meri;c<3  pliJtc  causes  the  tightening  of  a  spring.  These 
instruments  were  used  only  for  measurements  of  velocities 
in  small  channels,  and  they  are  now  mere  curiosities, 

Prob.  122.  A  rod  Hoat  runs  a  distance  of  100  feet  in  4a  sec- 
onds, the  depth  of  the  stream  being  6  feet,  while  the  foot  of  Ihe 
rod  is  6  inches  above  the  bottom.  Compute  the  mean  velocity 
in  the  vertieal. 
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Art.  123.     Gagikg  the  Discharge 

For  a  very  small  stream  the  most  precise  method  of 
finding  the  dischai^  is  by  means  of  a  weir  constructed 
for  tliat  purpose.  Streams  of  consiilerable  size  of  ton 
iiave  dams  built  across  them^  and  these  may  also  be  used 
like  weirs  with  the  help  of  the  coefficients  given  in  Art. 
68,  if  there  be  no  leakage  through  the  dam.  UTien  there 
are  no  dams  the  method  now  to  be  explained  13  generally 
employed.     In  all  cases  Lhe  first  step  iihouM  be  to  tet  up 

P,a  board  gage,  graduated  to  feet  and  tenths,  and  locate 
its  zero  with  respect  to  the  datum^  plane  used  in  the  vicinity, 
so  that  the  stage  of  water  may  at  any  time  be  determined 
by  reading  the  gage. 

P  The  place  selected  for  the  gaging  should  be  one  where 
the  flow  is  uniform.  One  or  more  sections  at  right  angles 
to  the  diretition  of  the  current  iire  to  be  established,  and 
soundings  taken  at  inter%'a]s  across  the  stream  upon  them, 

■the  water  gage  being  read  while  this  is  done.     The  dis- 

Btjuices  between  the  places  ^ .. 

Hcf    soundings    are    meas-     ^^-p 

Hitred    either  upon    a  cord 

H  St  retched  across  the  stream 

orby  othermelhoilskncwn  " 

to  surveyors.  The  data  are  thus  obtained  for  obtaining 
he  areas  a^,  a,,  a,,  etc..  shown  upon  Fig.  123,  aod  the 
Bum  of  these  is  the  total  area  a.  Levels  should  be  nm 
out  upon  the  bank  beyond  the  water's  edg[e.  so  that  in 
case  of  a  rise  of  the  stream  the  additional  areas  can  be 
deduced.  If  a  current  meter  is  -used,  but  one  section 
needed;  if  floats  are  used,  at  least  two  are  required, 
and  these  must  be  located  at  a  place  where  the  channel 
is  of  as  uniform  size  as  possible. 

The  mean  velocities  v^,  v^,  v^,  etc,,  are  next  to  be  de* 
led  for  each  of  the  sub-areas.     If  a  current  meter 
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is  used,  this  may  be  done  by  starting  at  one  side  of  a 
subdiWsion,  and    lowering  it  at  a  uniform  rate  until  the 
bottom  is  nearly  reached,  then  moving  it  a  few  feet  hori- 
zontally and  raising  it  to  the  surface,   then  moving  it  a 
few  feet  horizontally  and  lowering  it,  and  thus  continuing 
imtil  the  sub-area  has  been  covered-     The  velocity  then 
deduced  from  the  whole  number  of  revolutions  during 
the  time  of  immersion  is  the  mean  velocity  for  the  sub- 
area.     Or,  the  meter  may  be  simply  raised  and  lowered 
in  a  vertical  at  the  middle  of  the  sub-area,  and  the  result 
will  be   a   close   approximation   to   the   mean   velocity  in 
the  sub-area;    this  in  fact  is  the  usual  method  employed, 
the  division  lines  of  the  sub-areas  being  taken  as  near  to- 
gether as  5  or  lo  feet.     When  rod  floats  are  used  they 
are   started   above   the   upper  section,   and   the   times  of 
passing  to   the    lower    one    noted,  as    explained    in    Art. 
122,  the  velocity  deduced  from  a  float  at  the  middle  of 
a  sub-area  being  taken  as  the  mean  for  that  area.     It  i^iU 
be  found  that  the  rod  floats  are  more  or  less  affected  by 
wind,  the  direction  and  intensity  of  which  should  always 
be  noted. 

The  discharge  of  the  stream  is  the  sum  of  the  discharges 
through  the  several  sub-areas,  or 

q  =  tiiTfi  -f  OjV,  +  a^v^  -f-  etc. 

and  if  this  be  divided  by  the  total  area  a,  the  mean  velocity 
for  the  entire  section  is  determined. 

The  following  notes  give  the  details  of  a  gaging  of  the 
Lehigh  River,  near  Bethlehem,  Pa.,  made  at  low  water  in 
18S5  by  the  use  of  rod  floats.  The  two  sections  were  loo 
feet  apart,  and  each  was  di\'idcd  into  10  divisions  of  30  feel 
width.  In  the  second  column  are  given  the  soundings  in 
feet  taken  at  the  upper  section,  in  the  third  the  mean  of 
the  two  areas  in  square  feet,  in  the  fourth  the  times  ol 
passage  of  the  floats  in  seconds,  in  the  fifth  the  -velocities 
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in  feet  per  second,  whkh  were  obtaintd^by  dividing  loo 
feel  by  Ihe  tirnesn  and  in  the  last  are  the  products  a,r^.  a^v^ 
which  are  the  distrliarges  Utv  the  subdivisions  ti^,  ii^.  etc. 
The  total  discharge  ia  found  to  be  Sjd  cubic  feet  per  second, 
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^^id  the  mean  velocity  is  v  =836/1410  =0.59  feet  per  second. 

'^  second  gaging  of  the  stream,  made  a  week  later,  v-'hcn 
he  water  level  was  0.50  feet  higlicr,  gflvc  for  the  discharge 
^'336  cubic  feet  per  seconds  for  the  toLul  LUea  1630  square 
B^'^t,  and  for  the  mean  velocity  o.Si  feet  per  second. 

^        As  to  the  accuracy  of  the  above  method,  it  may  be  said 

*hat  with  ordinary  work,  using  rod  floats,  the  discrepancies 

^^n    results   obtained  under  different   con^iitirms  ought   rot 

^^**  exceed  10  per  cent ;  and  with  careful  work,  using  current 

'Meters,  they  may  often  be  of  a  higher  degree  of  precision. 

^n  any  event  the  results  derived   fmm   such   gaginga   are 

frnore  reliable  tlian  can  be  obtiiined  by  any  fofmuki. 
Prob,  l2Zit,  Cfnnpute  the  menn  depth  and  the  bydratilic  radius 
^''T  ihE  abotve  section  of  the  Lehigh  River.  Conrpute  alvi  th« 
uliKi  of  the  coefficient  c  in  the  formula  t»  — cvVs,  taking  the 
slope  as  I  on  J500. 
Pfob.  133A.  A  strpfim  140  feet  wide  is  divided  into  seven 
^ai  parts,  the  six  smndings  being  1.9,  4.0,  4.8,4,6,  a. 7,  and 
JO  feet-  The  seven  velocities^  as  found  by  a  current  meter 
*reo7,  [.fi,  7.4.  3.5,3.0,1.4.  and  0.6  feel  per  second  Compute 
the  discharge. 
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Art.  124,     Approximate  Gaoikgs 

If  by  any  mean^^  the  mean  velcx^ty  ?j  of  a  sLream  can  be 
found,  the  disHiarge  is  known  from  tJie  relation  g— jv,  the 
area  a  being  measured  as  explained  in  the  last  article.  An 
approximate  value  <>f  v  may  be  ascertained  by  one  or  mnrp 
float  measurements  by  means  of  relations  between  it  and 
the  observed  vtkicity  of  the  floats  wliith  ha\-e  been  deduced 
by  the  discussion  of  observations.  Such  measurements  are 
always  less  expensive  than  those  explained  in  Art.  123, 
and  often  give  infomiaLion  sufficient  for  the  inquiry  in  hand- 

The  ratio  of  the  mean  velocity  v  to  the  maximum  surface 
velocity  V  has  been  found  to  usually  lie  between  0.7  and 
0,85,  and  about  0,8  appears  to  be  a  rough  mean  value- 
Accordingly, 

I'-o.Sl'; 

from,  which,  if  F  be  accurately  determined,  V  can  be  com- 
puted with  an  uncertainty  usually  less  than  20  percent 
Many  attempts  have  been  made  to  deduce  a  more  reliable 
relation  between  v  and  V.  The  folkl^^'ing  rule  derived 
from  the  investigations  of  Bazin  makes  the  relation  de- 
pendent on  the  coefhcient  c.  the  value  of  which  for  Ihe  par- 
ticular stream  luider  consideration  is  to  be  obtained  from 
the  evidence  presented  in  the  last  chapter: 

It  is  probable,  however,  that  the  relation  depends  more  on 
the  hydraulic  radius  and  the  shape  of  the  section  than  upon 
the  degree  of  roughness  of  the  channel,  which  c  mainly 
represents.^ 

The  ratio  of  the  mean  velocity  i\  in  any  vertical  to  its 
surface  velocity  T,  is  less  variable,  for  it  is  found  to  lie 
between  0,^5  aitd  q.(^3,  or 
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may  be  used  with  but  an  uncertainty  o£  a  few  percent.  If 
several  velf>cities  V",,  \\.  etc.,  Ije  tlctermincd  by  surface 
fioaijj  the  mean  velocities  tj,,  7'j,  etc,  for  the  several  sub- 
areas  a^,  jj,  etc,,  are  known,  and  the  discharge  is  9— a,Vi-f 
u^fj-felc,,  as  before  e:fplaincd.  This  methc»d  will  usually 
prove  unsatisfactory  as  compared  with  the  use  of  rod  floats- 

Since  the  maximum  surface  velocity  is  greater  than  the 
mean  velocity  v,  and  since  Lhe  velocities  at  the  shores  are 
tiEuylly  small,  it  follows  that  there  are  in  the  surface  two 
points  at  which  the  velocity  in  equal  to  ;'.  If  by  any  means 
lliH  I'Jcntion  of  either  of  these  could  be  discovered,  a  single 
velocity  observation  would  give  directly  tlie  value  of  v. 
The  position  of  thfse  [joints  is  subject  to  so  much  variation 
in  channels  of  different  fcrmSj  that  no  satisfactory  method 
of  telling  them  has  yet  btt^n  devised. 

The  influence  of  wind  upon  the  surface  velocities  is  so 
great  that  these  methods  of  determimng:  v  may  not  give 
good  results  except  in  calm  weather,  A  wind  blowing  tip 
Stream  decreases  the  surface  velocities,  and  one  blowing 
down  stream  increases  tliem,  without  materially  affecting 
the  mean  velocity  and  discharge. 

H        By  means  ni  a  sub-surface  float,  or  by  a  current  meter, 

^the  velocity  V  at  miil-depth  iu  any  vertical  may  be  meas- 

*ired.     The  mean  velocity  i\  in  T.liai  vertical  is  very  closely 

Bn  this  manner  the  mean  velocities  in  several  ^-erticals  across 

"the  stTWim  may  be  detemtined  by  a  single  oJiser\'ation  at  each 

point,  and  these  may  be  used,  as  in  Art.  123^  in  connection 

iwith  the  correspondinE  areas  to  compute  the  discharge. 
I  It  was  shown  by  the  observations  of  ilumphreys  and 
[Abbot  on  the  Mississippi  that  the  velocity  V  is  practically 
unafTcclc^i  by  winil^  the  vertical  velocity  curves  for  different 
intensilics  of  wind  intersecting  each  other  at  mid-di^pth. 
The  mid-depth  velocity  is  therefore  a  reliable  quantity  to 
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determine  and  use,  particularly  as  the  corresponding  mean 
velocity  v^  for  the  vertical  rarely  varies  more  than  i  or  2 
percent  from  the  value  o.ySV". 

Prob.  124.  A  stream  60  feet  wide  is  divided  into  three  sec- 
tions, having  the  areas  3a,  65^  and  38  square  feet,  and  the  surface 
velocities  near  the  middle  of  these  are  found  to  be  1.3,  s.6,  and 
1.4  per  second.  What  is  the  approximate  mean  velocity  of  the 
stream  and  its  discharge? 

Art.  1:25.     Comparison  of  Methods 

This  chapter,  together  with  those  preceding,  furnishes 
many  methods  by  which  the  quantity  of  water  flowing 
through  an  orifice,  pipe  or  channel,  may  be  determined. 
A  few  remarks  will  now  be  made  by  way  of  summary 
and  comparison - 

The  method  of  direct  measurement  in  a  tank  is  alwavs 
the  most  accurate,  but  except  for  small  quantities  is 
expensive,  and  for  large  quantities  is  impracticable.  Xext 
in  reliability  and  convenience  come  the  methods  of  gaging 
by  orifices  and  weirs.  An  orifice  one  foot  square  under 
a  heatl  of  25  feet  will  discharge  about  40  cubic  feet  per 
secon<l,  which  is  as  large  a  quantity  as  can  be  usualJv 
profitably  jxissed  through  a  sinj-le  opening.  ^\  weir  20 
feet  long  with  a  depth  of  2.0  feet  will  discharge  about 
200  cubic  feet  per  second,  which  may  be  taken  as  the 
maximum  quantity  that  can  be  conveniently  thus  gugeii. 
The  number  of  weirs  may  he  indeed  multiplied  for  larger 
disehrirgLS,  but  this  is  usually  forbidden  by  the  expense  of 
construction.  Hence  for  larger  quantities  of  water  ii:di- 
rect  measurements  must  be  adopted. 

The  formulas  fledueed  for  the  flow  in  pipes  and  channels 
in  Chaps.  VIII  and  IX  enable  an  approximate  estinuiiion 
of  tlieir  discharge  to  be  determined  when  the  coefticienli 
and  data  which  thcv  contain  can  be  closely  detennineJ' 
The  remarks  in  Art,  120  indicate  the  difficulty  of  ascertain- 
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ig  tbese  data  for  streams,  and  show  that  the  value  of 
le   furmukts   lies   in   their  use   in   cases   of   investigation 
id  design  ratlier  than  for  precise  gagings.     For  pipes  an 
irately  rated  water  moter  is  a  convenient  method  of 
'measuring  the  discharge,  while  for  conduits  it  will  often 
found  diflicult   to  devise  an   aeeurale  and  economical 
Ian    for   precise    determinations,    unless    the    conditions 
such  that  the  discharge  may  be  made  to  pass  over  a 
reir  or  to  be  reLiined   in   a  large  reservoir  the  capacity 
which   is  known  for  every  tenth   of  a  foot   in    depth, 
^or  lai^  aqueducts,    and   for  canals  and  Btreams,   the 
ly  available  methods  are  those  explained  in  this  chapter. 

Surface  floats  arc  not  to  be  rccomTaendcd  except  for  rude 

icterminations,   because   they  arc    affected   by  Vyind    and 

:ause   the   deduction   of  mean   velocities   from   them   is 

Iways  subject  to  much  uncertainty,     Nevertheless  many 

ises  arise  in  practiL'e  where  the  results  found  by  the  use 

surface  floats  are  suHiciently  precise  to  ^ve  valuable 

iformation  conceming  tlie  ilow  of  streams.     The  double 

for   sub-surface  velocities   is  used  in  deep  and  rapid 

rivers,    where   a   cinTenl   meter   cannot   be   well   operated 

account    of   the    ditlicuUy    of   anchoring   a    heat.      In 

Idition  to  its  disadvantages  already  mentioned  may  be 

loted  that  of  expense,  wliich  becomes  large  when  many 

Sbservations  arc  to  be  taken. 

The    method   of   determining   the    mean    \^Iocities    in 
cical  planes  by  rod  floats  is  very  convenient  in  c^anala 
id  channels  which  are  not  too  deep  or  too  shallow.     The 
■ecision   of   a   velocity   determination   by   a   rc-d   iluat   is 
Lways  much  greater  than  that  of  one  taken  Ly  the  dnuble 
so  that  the  former  is  to  be  preferred  when  circum- 
mces  will  allow.     In  cases  where  the  velocity  is  lajfld, 
where  there  are  no  bridges  nwv  the  stream,  rod  floats 
may  often  give  results  more  reliable  than  can  be  obtained 
any  other  method. 
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Current-meter  obser\-ations  are  those  which  now 
generally  take  the  hlgljest  rant  for  precision  in  cases 
w'iiere  the  conditions  are  not  abnormal.  The  first  cost 
of  the  outfit  is  greater  than  that  reqiured  for  rod  floats, 
but  if  much  work  is  ta  be  done  it  will  prove  the  cheaper 
The  main  objection  is  to  the  errors  which  may  be  intro- 
duced from  the  lack  of  proper  rating;  this  is  required 
to  be  done  at  intervals,  as  it  is  found  that  the  relation 
between  the  velocity  and  the  recorded  number  of  revo- 
lutions sometimes  changes  during  use. 

In  the  execution  of  hydraulic  operations  which  involve 
the  measurement  of  water  a  method  is  to  be  selected 
which  will  give  the  highest  degree  of  precisitin  vv-ith 
given  expenditure,  or  which  ^nll  secure  a  given  degree 
of  precisitDn  at  a  minimum  expense.  Any  one  can  build 
a  road,  or  ^l  water-supply  system;  but  the  art  of  engineer- 
ing teaches  bow  to  build  it  well,  and  at  the  least  cost  of 
construction  and  mamtenance.  Similarly  the  science  of 
hydraulics  teaches  the  laws  of  flow  and  records  the  results 
of  experiments,  so  that  when  the  discharge  of  a  conduit 
is  to  be  measured  or  a  stream  is  to  be  gaged  the  engineer 
may  select  that  method  which  will  furnish  the  required 
infomiMtlon  in  the  most  satisfactory  manner  and  at  the 
least  expense. 

Proh,  125,  Consult  llumphre3's  snd  Abbot's  Physics  and 
Hydraulics  of  the  Misaissippi  River  (Wflshmgton,  iSfia  and 
1S76),  and  find  two  mtthods  of  measuring'  the  VL-locity  of  & 
current  diilerent  from  thuse  described  in  Iht  preceding  pages. 


Art.  126,    Variations  in  Discharge 

When  the  stage  of  water  rises  and  falls  a  corresponding 
increase  or  decrease  occurs  in  the  velocity  and  discharge. 
The  relation  of  these  varialions  to  the  change  in  depth 
may  be  approximately  ascertained  in  the  foil  owing  manner, 
the  slope  of  the  water  surface  being  regarded  as  remaining 


dUT,  J33 


VaRIATJONA    in    DlBCHAnCE 


321 


uniform;    Let  the  stream  be  wide,  so  that  its  hydraulic 
radium  is  nearly  equ^  in  th&  mean  depth  d »   then 

Differentiating  this  with  respect  to  v  and  d  gives 

Here  the  fiist  member  is  the  relative  change  in  velocity 

1       when  the  depth  varies  from  d  to  d^Sd.  and  the  equation 

hence  shows  that  the  relative  change  in  velocity  is  one- 

biilf  The  relative  cliange  in  depth.     For  exaniple,  a  stream 

3  feet  deep,  and  w-ith  a  mean  velocity  of  4  feet  per  second, 

rises  so  that  the  depth  is  3-3  feet;   then  A;  =  4X4X0.3/3  — 

^fc.^.  and  the  velocity  becomes  4  +  0.2  =4,1  feet  per  seconds 

^H      In  the   same  manner  the  variation  in  discharge  may 
^Ke  found.     Let  6  be  the  breadth  of  the  stream,  then 
■  q  =  cbd>/ds  =  cbs^d^ 

^■1^  by  diHerentiating  ^ilh  respect  to  q  and  d, 
^V  3q/q  =  i3d/d 

^Tlcnce  the  relative  change  in  discharge  is  li  times  that  of 
i     tbe  relative  change  in.  depth.     I'his  rule,  like  the  preceding, 

Phipposes  tliat  dd  is  very  small,  and  will  not  apply  to  large 
variations  in  depth. 

The  above  cot^chisions  may  be  expressed  as  follows: 

^If  the  mean  depth  changes  i  percejit,  the  velocity  changes 

^K.5  percent,  and  the  discharge  changes  1.5  percent.     They 

^are  only  true  for  streams  with  such  cross-sections  tliat  the 

hydraulic  radius  may  be  regarded  as  propt:)rtional  to  the 

depth,  and  even  for  such  sections  are  only  exact  for  small 

Llions  in  d  and  v.     They  also  assume  that  the  slope 

remains  the  same  after  the  rise  or  fall  as  before;    this 

■ill  be  the  case  if  a  condition  of  permanency  is  establialieJ. 

Hi,  as  a  rule,  wliile  ttie  Ftape  of  water  is  rising  the  slope 

increasing,  and  while  falling  it  is  decreasing. 


H           322 

1 

■  ten\ 

^M                SCR. 

^M           and 
^1            and 

^1            stre 

^1            cha 
^M            to 
^1           tain 

■ 

■  dail 

Flow  of  Kivfififl                         cbai--  x  1 

Gages  for  reading  the  stages  of  water  are  now  set  up' 
niriTiy  rivers   and   daily  obscTVJitions   are  taken.     Such  _ 
ige  is  usually  a  vertical  board  graduated  to  feet  andl 
hs  and  set  with  its  sero  below  the  law<?st  known  water-l 
1,     Another  form   is  the  box  and  chain  gage  M-hichH 
^ists  of  a  boA  fastened  on  a  bridge  with  a  gradtiatod  1 
e  within  it  and  a  chain  that  can  be  let  down  to  the 
er  level.     Such   observations   of  the  daily   stage   of  a  J 
r  are  of  great  value  in  planning  engineering  con stmu lions,  " 

they  are  now  made  at  many  stations  by  the   United 
,£S  goveniinent  through  the  Department  of  AgricultureB 

the  Geological  Survey  Bureau.                                                1 

When    several    measurements    of    the    discharge    of   a 
am   have   been   made   for  different   stages   o[   water  a. 
'e  may  be  drawn  to  show  the  law  of  variation  of  dJs-l 
rge,   and  from  this  cur\'e  the  discharge  corresponding 
nv  ^vun  stage  of  water  may  be  approximately  asrer-  . 
ed.     These   discharge    curves   have  been    determined  | 
the  U.  S.  Geological  Survey  for  many  stations  where 
y  records  of  the  water  stJipe  are  kept.*     Fig.  126  showsai 
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Fig,  12a 

discharge    curve  of  the  Lehigh  river  at  Belhlehi 
the  ordinates  being  the  heights  of  the  water  Ic 
ead  on  the  gage,  and  the  abscissas  being  the  di^char 
be  river  in  cubic  feet  per  second.     Tliis  is  only  j  p 
le  discharge  curve  for  that  river,  &a  the  water  has  b< 
wn  to  rise  to  33.$  feet  and  the  corresponding  discha 

•  "Wmttr  Supply  and  IiTiEati™iPiipCT5,Nos,  J5-39,  1900. 
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is  ovtT  loo  ODO  cubic  fcct  per  seccaid.  Each  station  on 
SL  rivfl-  has  its  own  riistinctive  discharge  ctirve,  for  the 
hcsl  topography  detem^ines  the  hdglits  to  which  Ihe 
water  level  vnM  rise. 

Ptob.  126.  A  stream  of  4  feet  mean  depth  delivers  Soo  cubic 
i«t  per  second.  What  will  be  the  discharge  when  the  depth  is 
decreaicri.  to  3.87  feet*  If  the  stream  is  tog  feet  wide,  what 
will  be  the  velocit}'^  when  the  depth  is  4-12  led} 

I 

L  Art,  127,     Transpohtisg-  Capacity  op  CuRaE>rTS 

^B  The  fact  that  the  water  of  rapid  streams  transports  large 
^B  quantities  of  earthy  matter,  either  in  suspension  or  by 
"  Tolling  it  along  the  bed  of  the  chiinncl,  is  well  known,  and 

khas  ah'eady  been  mentioned  in  Art.  114,  It  is  now  to  be 
shown  that  the  diameters  of  bodies  which  can  be  moved 
by  the  pressure  of  a  cuirent  vary  as  the  square  of  its  ve- 
locity, and  that  their  weights  vary  els  the  aixth  ]iower  of 
velocity, 

water  causes  sand  or  pebbles  to  roll  along  the  bed 
a  channel  it  must  exert  a  foret*  approximately  propor- 
tional to  the  square  of  the  velocity  and  to  the  area  exposed 
(Art.  20),  or  if  d  be  the  diameter  of  the  body  and  C  a  eoti- 
^■Rant,  the  force  required  to  move  it  is 

■  F^CdV 

But  if  motion  just  occirrs,  this  force  is  also  proportional  to 
the  weight  of  the  tjody^  because  the  frictiooal  resistances  of 
one- body  upon  another  varies  as  the  normal  pressiire  or 

t'eight.    And  as  the  weight  of  a  sphere  varies  as  the  cubo 
f  the  diameter,  it  follows  that 
i'=CdV        or        d=Cv^ 
lOW  since  d  varies  as  i*.  the  weight  of  the  body,  which  is 
proportional  to  d*,  must  vary  as  x^;  which  pro\"es  the  prop- 
^k&ition  enunciated  above.     Hence  an  increase  in  velocity 
ouses  far  greater  increase  in  transporting  capacity. 
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Since  the  weight  of  sand  and  stones  when  immersed  in 
Vrater  is  only  abdut  one-half  their  weight  in  air,  the  frit- 
tional  resistances  to  their  motion  are  slight,  and  this  helps 
to  explain  the  oircumstance  that  they  are  so  easily  trans- 
ported by  currents  of  moderate  velocity.  It  is  found  by 
observation  that  a  pebble  :ibout  one  inch  in  diameter  is 
rolled  along  the  bed  of  a  channel  when  the  velocity  is  about 
jl  feet  per  second;  hence,  according  to  the  above  theoretical 
deductitm,  a  velocity  five  limes  as  greats  or  j-^  feet  per 
second.  ^^■iU  carry  along  stones  of  25  inches  diameter.  This 
law  of  the  transporting  capacity  of  flowing  water  is  only 
an  approximate  one,  for  the  recorded  experiments  seem 
to  iniUcate  that  the  dianseters  of  moving  pebbles  on  the 
bed  of  a  channel  do  not  vary  quite  as  rapidly  as  the  square 
of  the  velocity.  The  law,  moreover,  is  applicable  only  to 
bodies  of  similar  sliape,  and  cannot  be  used  for  comparing 
romid  pcbt'les  with  flat  spalls. 

The  following  table  gives  the  velocities  on  the  bed  or 
bottom  of  the  channel  which  are  required  to  move  the 
materijds  st;itcvl.  The  corresponding  approximate  mean 
velocities  in  the  cross-section  given  in  the  last  column  are 
derived  frorn  the  empirical  formula  deduced  b>'  Darcy, 

in  which  i^  is  the  bottom  and  v  the  mean  velocity.  The 
bottom  or  transporting  \'e3ocities  were  deduced  by  Duhuat 
from  experiments  in  small  troughs,  and  hence  are  probably 
slightly  less  than  the  \Tlocities  which  would  move  the  sam©^ 
materials  in  channels  of  natural  earth. 


Chy.  fit  for  fxittefy, 

Sud.  siM  of  Aiuse-snd, 

Grmvel,  su»  of  pc«s. 

Gravel,  »i«0  o4  Immou, 

Shin^k,  about  1  inch  ia  diuneter, 

Acjr*^Ur  stoD^&L  ftbovt  1 1  inches. 
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The  general  conclusion  to  be  derived  from  these  figures  is 
that  ordinary  small,  loose  earlhy  materials  will  be  trans- 
ported or  rolled  along  the  bed  of  a  channel  by  velocities  of 
J  or  3  feet  per  second.  It  is  nut  necessarily  to  be  inferred 
Ibat  this  movement  of  the  materials  is  of  an  injurious 
nature  in  streams  with  a  fixed  regimen,  but  in  artificial 
canals  th<?  subject  is  one  that  demands  close  attention. 
The  velocity  of  the  moving  objects  after  starting  lias  beea 
found  to  be  usually  less  than  half  that  of  the  current  * 

Prob,  127ti,  A  stone  weighing  0,5  pounds  is  moved  by  it  cur- 
rent of  3  feet  pfr  second ;  what  is  the  weight  of  the  largest  stone 
iHat  can  be  moved  by  a  current  of  9  feet  per  second  ? 

Prob.  127b.  In  the  earty  history  o[  llie  earth  the  moon  was 
hair  its  present  dislflnce  from  the  earth's  center,  and  the  tides 
wwK  about  eight  times  as  high  as  at  present.  It  is  supposed  that 
thtK  tides  relied  over  the  low  lands  and  niove J  great  rotks  from 
place  to  place-  The  greatest  velocity  of  such  a  wave  is  V^ 
where  d  is  the  dc^hth  of  the  water.  What  is  the  probable  weight 
aad  size  of  the  largest  rock  tha-t  such  a  current  could  move? 


Aht.  128.     Influence  of  Dams  and  Piers 

Wben  a  dam  is  built  across  a  stream  it  is  often  desired 
to  compute  its  height  so  that  the  water  level  may  stand  at 
a  givea  elevation.     Thus,  in  the  figures,  CC  represents  the 


I 


Pia.  12»a  Fro,  138A 

surface  of  the  stream  before  the  construction  of  the  dam, 
the  depth  of  the  water  being  D.  and  it  is  required  to  find 
the  height  G  of  the  dam  so  that  the  water  surface  may  be 
the  vertical  distance  -/.     There  are  two  cases,  the 

•  MeTichcl,   on   [he  tropvt  and   abrading  power  of  water,   in   Jounul 
PtankliiL  Inslitute,  1B78,  vol.  j^.  p.  330. 
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first  where  the  crest  is  above  the  original  water  level  CC, 
and  the  second  where  it  is  below  that  le\'el;  in  both  cases 
the  dischiirge  q  must  be  known  in  order  to  compute  the 
height  of  the  dam. 

When  the  crest  is  not  submerged,  as  in  Fig,  12Sa,  it  is 
seen  that  the  value  of  G  is  D-\-d  —  H,  where  H  is  the  head 
on  the  crest.  NowCromArt.  64  the  valueof  ijLSMi(//  +  i  j^O* 
where  b  is  the  length  of  the  crest  and  h  is  the  head  due  to 
velocity  of  approach.      Hence  there  results 

C-X?  +  (i  +  ii^<-(?/M6)»  (12S)i 

in  which  m  is  to  be  taken  from  Art.  6S  or  from  Table  29, 
For  example,  let  the  discliarge  be  i8  ooo  cubic  feet  per 
second,  and  let  the  width  of  the  stream  above  the  dam  he 
6oo  feet,  and  the  width  on  the  crest  be  525  feet;  also  let 
D  and  d  be  8,5  a  id  d.o  feet,  and  let  m  be  taken  as  3.33. 
The  mean  vcloi:ity  of  approach  is 

18  000  -    ^  J 

•v^2 — 3 =  3^1  feet  per  second 

600X14-S 

whence  the  velocity-head  is  Jt— 0,0x55  Xa.i'— 0.07  f^rt- 
Then  from  the  formula,  there  results  G—g.<^  feet,  which  isi 
the  required  height  of  the  dam.  In  many  cases  it  will  be 
linnecessary  to  consider  velocity  of  approach  and  'i  may 
be  omitted  from  the  formula ;  if  this  he  done  for  the  exam- 
ple in  hand  the  value  of  G  is  9,8  feet. 

When  it  is  desired  to  rabe  the  water  level  only  a  short 
distance  the  crest  of  the  dam  will  be  submerged.  For  this 
case  Fi^.  128&  gives  H^D-^d-G  and  H'~D-G.  By 
inserting  these  heads  in  formula  {66)^  and  neglecting 
velocity  of  approach,  there  is  found 

G-D-hid-iq/^bVd  (128), 

Here  the  coefficient  m  lies  between  3,09  and  3.37  depending 
on  the  value  of  the  ratio  H'/H,  and  as  a  mean  3.1  may  be 
used.     For  example,   let  5  =  400  cubic  feet  per   second, 
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/?=4,  d^j,  6-50  feet;  then  G  is  fourrd  to  be  2.55  feet. 
The  valxie  of  //  is  then  1,05  feet  and  that  of  //'  is  1,05, 
whence  H'/H  is  0,5  closely,  and  from  Art.  06  the  value 
of  u  is  3.1 1,  which  indicates  that  the  assumed  value  is 
close  enough.  Accordingly  3.0  feet  may  be  taken  as  the 
hripht  of  the  submerged  dam. 

When  bridge  piers  arc  built  in  a  stream  its  cross-section 

is  diminished,  and  the  water  level  up-stream  from  tlie  piers 

s^^ds  al  a  greater  height  than  before.     The  most  common 

problem  is  to  find  how  high 

the  water  will  rise  -when  the 

original  width  B  is  to  lje  con- 

tractetl  to  the  width  h.     Let 

D  be  tbe  mean  depth  of  the 

water  before  the  building  of 

tie  piers.  H  the  rise  in  Uie 
water  level,  nnd  q  the  dis- 
charge of  the  stream.  Then  the  discharge  q  may  be  re- 
garded as  consisting  of  two  parts,  first  that  passing  over  a* 
weir  of  breadth  B  under  the  }iead  H,  and  second  that  pass- 
ing through  the  submerged  orifice  of  breadth  b  and  height 
D  under  the  head  H.     Hence,  from  Arts.  64  and  52, 


J'lr,.  IliHr 


in  which  h  is  the  head  due  to  the  velocity  of  approach. 
The  coefficient  of  discharge  c  for  weirs  and  orifices  is  about 
,6,  but  here  it  is  much  larger,  since  there  is  no  cresit.  From 
experiments  by  Wcisbach  on  a  small  round  pier,  c  appears 
to  bt  over  o.g,  and  from  other  discussions  it  appears  in 
stJine  cases  to  be  a  little  lower  than  o.S,  [ts  value  in  any 
event  depends  upon  the  shape  of  the  piers  and  their  cut- 
■wiiterSf  itnd  probably  the  best  th;it  can  now  be  done  is  to 
take  it  as  0,9  for  piers  with  round  ends  and  at  0,8  for  piers 
with  triangular  cutwaters. 

As  an  example  of  the  determination  of  c,  take  the  case 
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of  a  flood  in  the  Gungal  River,*  where  fi— 650,  ^  =  57^ 
and  /J  =  35  ff^t  and  ^2  =  477  Soo  cubic  feel  per  second,  an 
where  it  was  observeil  that  the  height  H  was  3,6  feet,  TheJ 
mean  velocity  above  the  piers  was  1^  =  477  800/38,6X650- 
=  19.0  feet  per  secondj  whence  the  velocity-head  J/  — 5.61 
feet.  Inserting  all  theae  data  in  the  formula  ami  solving 
for  c,  there  is  found  ^  =  0.79,  This  js  an  unusual  cast  where 
the  velocity  was  very  high,  and  tlie  piere  had  sharp  cut* 
watera. 

As  an  estample  of  the  determmaiion  of  the  height- 
H.  take  the  case  of  a  bridge  over  the  Weser^f  where  B  —  593^ 
i*  =  3i5,  D  =  z6.4  feet  and  9  =  46  550  cubic  feet  per  second- 
As  notliin£  is  known  abi.nit  the  shape  of  the  piers,  c  may 
taken  as  0.8;  then  formula  (128)^  reduces  to 

(;/  +  A)*  +  i3.i(/f  +  ;i)*  =  iS.3 

from  whkh  H^h  is  found  by  trial  to  be  1.55  feet.  Now, 
assuming  H  as  1.3  feet,  the  mean  velocity  abo\-e  the  picra 
is  found  to  be  4.3  feet  per  second,  whence  h  is  o.2g  feet. 
Accordingly  // =«  1.55  — o.ag  "1.3^  feet,  and  with  this 
value  the  velocity  above  the  jtier  is  found  to  be  4.44  feet 
per  setond,  whence  a  belter  value  of  h  is  o,,}i  feet.  This 
^ves  iy«r.34  feet,  which  may  be  regarded  as  the  final 
result  for  the  height  of  the  backrvater. 

Prob.  128(1,  A  nream  4  feet  deep  which  delivers  150  cubic 
feet  per  second  is  lo  be  dammed  so  a^  to  ra-isc  the  wttter  6  feet 
higher.  Find  the  height  of  the  dani  when  the  length  of  the 
overflow  crest  Una  feet. 

Prob-  V2Bt>.  A  river  040  fc^t  wide  has  a  mean  d<!plh  oi  4.1 
feet  and  n  mean  velocity  of  3  t^  feet  per  second  Ten  piers, 
each  ta  feet  wide,  are  to  be  built  in  it.  Compute  the  probable 
rise  of  hackwater  caused  by  the  piers.  Compute  also  the  proba- 
ble rise  during  a  flood  which  increases  the  mean  depth  lo  iS.j 
feet  and  the  mean  velocity  to  5.S  feet  per  second- 

•  Proceedings  Rriliah  JnflitLiiEou  Civil  HnRmwr?,  1868,  vol.  j;,  p,  313, 
f  D'AubuuHHi'B    Trcjil^K  (ku   HydcBulIcs,    Be4UieU'G  Inmalalifm   4New 
York,  iSS7).  p-  189- 
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Art,  129.     Steady  Non-uniform  Flow 

In  Arts.  105-125  the  slope  of  the  cliannel,  its  cross- 
section,  and  its  hydraulic  radius  have  been  rogiirdcd  as 
constant.  If  these  are  variable  in  different  readies  of 
the  stream  the  c.ise  is  one  oF  non-unifurmily  and  this 
will  new  be  discussed.  The  flow  is  still  regarded  as  steady, 
so  that  the  same  quantity  of  water  passes  each  section 
per  second,  but  its  velocity  and  deptli  vary  as  the  slope 
and  cross-section  change.     Let  there  be  several  reaches 

l^^  Ij l^.  which  liave  the  falls  h^,  h^ A^,  tlic  water 

sections  being  *i^.  fij,  , . .  ^  a^,  the  hydraulic  radii  r,,  r^, 
.  .  .  ,  r_.  and  the  velocities  v^,  i^j,  .  ,  .  ,  v^.  The  total  fall 
'U  +  ^'a  +  '  ■  ■^"''-  ^^  expressed  by  h.  Now  the  head  corre- 
sponding to  the  mean  velocity  in  the  first  section  is  i\^/2g. 
The  theoretic  effective  head  for  the  last  section  is  h  +  v,'/sg 
while  the  actual  velocity-head  is  ^vV^fi'  The  diHerence 
of  these  is  the  head  lost  in  friction:  or  by  (117), 


1.     ^\'     ^'/ 

3£       2g 


+  . 


in  which  c,',  c^^, . . .  c,',  are  the  Chezy  coefficients  for  the 
din"ercTil  lengths,  Now  let  f/  be  the  discharge  per  second; 
then,  since  the  flow  is  steaiJy,  the  mean  velocities  are 

ard.  inserting  these  in  Uie  equattLin,  it  reduces  to 


K 


^'^^-^^^A^a^^^i^-  -^ 


M 


htch   is  a   fundamental  formula   for  the   dlscussiiM^ 
steady  flow  through  non-miiform  cl^annels.     This 
shows  that  the  discharge  f^  is  a  conser|uence 
the  total  fall  U  in  the  entire  length  oi  the 


of 
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also  of  the  dimensions  of  the  various  cross-sections.  The 
assumption  has  been  made  that  a  and  r  are  constant  in 
each  of  the  parts  considered;  this  can  be  realized  by 
taking  the  lengths  ?„  i,, . . .  /,  sufficiently  short.  If  only 
one  part  be  considered  in  which  a  and  r  are  constant^ 
a.  and  a^  are  equal,  all  the  terms  but  one  in  the  seccmd  mem- 
ber disappear,  and  the  last  equation  reduces  to  ^ — caVrk/l 
which  is  the  Chezy  formula  for  the  discharge  in  a  channel 
o£  uniform  cross-section. 

An  important  practical  problem  is  that  where  the 
steady  flow  is  non-unifonn  in  a  channel  having  a  bed 
with  constant  slope,  a  condition  which  may  be  caused 
by  an  obstruction  below  the  part  considered  or  by  a  sud- 
den fall  below  it-  Let  a,  and  o,  be  the  areas  of  the  two 
sections,  /  their  distance  apart,  and  v^  and  v^  the  mean 
velocities.  Then,  if  a  and  r  be  average  values  of  the  areas 
and  hydiaulic  radii  of  the  cross-sections  throughout  the 
length  /,  the  last  formula  becomes 

Now  the  important  problem  is  to  discuss  the  change  in 
depth  between  the  two  sections.  For  this  purpose  let 
A^A^  in  Fig,  129  be  the  longitudinal  profile  of  the  water 

^^^^^^^-___ ,i>     surface,    let    A^D    be    hori- 

f^^^^^^^^^^^^^i  zontai,    and    Afi    be  drawTi 

i^^^  __7p     parallel    to    the    bed    B^B^. 

^^^^^^^^m^A^     The   depths   Afi^    and  Afi^ 

"'^^^^    are    represented    by    t/,    and 

^°'  *^  d^,  the  latter  being  taken  as 

the  larger.     Let  *  be  the  constant  slope  of  the  bed^.S,; 

then  DC-il.  and  since  DA^'^h  and  A^C''d^-d^,  there  is 

found  for  the  fall  in  the  length  /, 

k~il-{d,^d^) 

Inserting  this  value  of  h  in  the  preceding  equation  and 
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solving  for  I,  there  is  obtained  the  important  formula 


('!,-'',) 


I 


agV", 


(129), 


I 

I 


from  whtch  the  length  i  corresponding  to  a  change  in 
depth  dj  —  dj  can  be  appros.ima,lely  computed.  This 
fonniila  is  the  mcire  accurate  the  shorter  the  length  i. 
since  ihen  the  mean  quantities  a  and  r  can  be  obtained 
wiih  greater  precision,  and  C  is  subject  to  less  variation. 

The  inverse  problem,  to  find  the  change  in  depth  when 
'  is  given  cannot  be  directly  soKed  by  this  fommla,  be- 
muse Lhe  areas  are  functions  of  the  depths.  Since  d^—d^ 
compared  with  either  d^  or  rf,,  it  is  allowable  to 
dj  as  equnl  to  d^  when  they  are  to  l>e  added  or 
I'^ultipli^^  togethiir.     Hence 

1  I        *1,--V       'i^'-d.'       {d,  +  d,)(d,-d^)        2{d,-d,) 


b^d^^d,' 


b'd^* 


b'd^' 


^^  making  a  equal  to  a,  and  r  eqnal  to  rf,  in  the  last 
'orniuia,  and  solving  for  d^—dy  there  is  found 

d^-d^j-,^/c^-bM: 

from  which  the  change  in  depth  can  be  computed  when 
^  the  other  quantities  are  given. 

Fig.  129  is  drawn  for  the  case  o£  depth  increasing 
;am,  but  the  reasoning  is  general  and  the  formulas 
'equally  well  when  the  tiepth  decreases  with  the  fall  of 
lhe  stream.  In  the  latter  case  the  point  A^  is  below  C.  and 
tfi-d,  will  be  negative.  As  an  example,  let  it  be  required 
to  determine  the  tlecrcase  in  ilepth  in  a  rectangular  conduit 
5  feet  wide  and  333  feet  long,  which  is  laid  with  its  bottom 
level,  the  depth  of  water  at  the  entrance  being  maintained 
at  2  fcct>  and  the  quantity  supplied  being  20  cubic  feet  per 
second.     Here  ^  =  333*  h  =  ^,d^  =  a» 9  =  20, and  1  =  0.    Taking 
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C"8<j»  and  substituting  all  values  in  the  formula, 
there  is  found  tf,  — ^,-— 0.09  feet;  whence  d^='i.gi  feel, 
which  is  to  be  regarded  as  an  approximate  probable  value, 
Itisiikely  that  values  of  if,- d^  computed  in  this  manner  are 
liable  to  an  uncertainty  of  15  or  20  percent,  the  longer  the 
distance  I  the  greater  being  the  error  of  the  formula.  In 
strictness  also  c  varies  with  depth,  but  errors  from  this 
course  are  small  when  compared  to  those  arising  in  ascer- 
taining its  value. 

Prob.  129.  Explain  why  formula  (i^p),  cannot  be  used  for 
the  above  example  when  the  slope  i  is  0.01, 


Art.  130.    The  Subpacb  Curve 

In  the  case  of  steady  uniform  flow,  in  the  channel  where 
the  bed  has  a  constant  grade,  the  slope  of  the  water  surface 
is  parallel  to  that  of  the  bed,  and  the  longitudinal  profile  of 
the  water  surface  is  a  straight  line.  In  steady  non-uniform 
flow,  however,  the  slope  of  the  water  surface  continually 
varies,  and  the  longitudinal  profile  is  a  cur\'e  whose  nature 
is  now  to  be  investigated.  As  in  the  last  article,  the  width 
of  the  channel  will  be  taken  as  constant,  its  cross-section 
will  be  regarded  as  rectangular,  and  it  will  be  assumed  that 
the  stream  is  wide  compared  to  its  depth,  so  that  the  wetted 
perimeter  may  be  taken  as  equal  to  the  width  and  the  hy- 
draulic radius  equal  to  the  mean  depth  (Art.  105).  Tliese 
assumptions  are  closely  fulfilled  in  many  canals  and  rivers. 

The  last  formula  of  the  preceding  article  is  rigidly  exact 
if  the  sections  a,  and  a^  are  consecutive,  so  that  /  be- 
comes dl  and  lij-^i  becomes  dd.     Making  these  changes, 

Sd    i-q^/c^h^d^ 

in  which  d  is  the  depth  of  the  water  at  the  place  considered. 
This  is  the  general  differential  equation  of  the  surface  cur\e, 
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i  being  measured  parallel  to  the  bed  BB.  and  d  upward, 
while  the  angle  whose  tangent  is  the  derivative  3d/i}l  is 
liilso  measured  from  BB* 

To  discuss  this  cxirve,  let  CC  be  the  water  siu^ace  if  the 
slope  were  unifonn,  and  let  D  be  the  depth  of  the  water  in 
the  wide  rectangular  channel.     Thi?  slope  s  of  the  water 


It 


0 

C 

^ 

1      

Fig.  I30fi 
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surface  is  here  equal  to  the  slope  i  of  the  bed  of  the  chamiel, 
and  from  the  Che^y  formula  (106), 

^Thia  value  of  g,  inserteil  in  the  differential  equation  of  the 
Hsurface  curve,  reduces  it  to  the  form, 


dd     .  j-jD/d}' 


O30). 


in  which  d  and  I  are  the  only  variables,  the  former  being  the 
ordinate  and  the  latter  the  abscissa,  measured  parallel  to 
■  the  bed  BB,  of  any  point  of  the  surface  ciirve.  The  deriv- 
ative 3d/3l  is  the  tangent  of  the  angle  which  the  tJ^ngenl 
I  at  any  point  of  the  surface  curve  makes  with  the  bed  BB 
or  the  surface  CC, 
First,  suppose  that  D  is  less  than  rf,  as  in  Fig.  130a, 
■where  AA  is  the  surface  cune  under  the  non-unifonn  fiow, 
and  CC  is  the  line  whiuh  the  surface  would  take  in  case  of 
uniform  f7ow.  The  numerator  of  (130),  is  then  positive, 
and  the  denominator  is  also  positive,  since  *  is  very  email. 
Hence  3d  h  poattve,  and  it  increases  ttith  d  in  the  dire^^tJ'^" 
of  the  flow;   going  up-stream  it  decreases  wit*-   ' 
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surface  curve  becomes  tangent  to  CC  when  d—D.  This 
form  of  curve  is  that  usually  produced  above  a  dam ;  it  is 
called  the  "backwater  curve,*'  and  will  be  discussed  in 
detail  in  Art,  131, 

Second,  let  d  be  less  than  A  as  in  Pig.  130fc.  The 
numerator  is  then  negative  and  the  denominator  positive; 
dd  is  accordingly  negative  ajid  AA  is  concave  to  the  bed 
BB^  whereas  in  the  former  case  it  was  convex.  This  fomi 
of  surface  curve  is  produced  when  a  sudden  fall  occurs  m 
the  stream  below  the  point  considered;  it  is  called  the 
'*drop-down  curve"  and  will  be  discussed  in  Art.  132. 

Formula  (130)^  may  also  be  put  into  another  form  by 
substituting  for  q  its  value  bdv^  where  v  is  the  mean  velocity 
in  the  cross-section  whose  depth  is  d.     It  thus  becomes 

di    c'    v^-gd  ^^^^' 

and  by  its  discussion  the  same  conclusions  are  derived  as 
before.  When  v  is  equal  to  c^/di  the  inclination  dd/^ 
becomes  zero,  and  the  slope  of  the  water  surface  is  parallel 
to  the  bed  of  the  stream.  When  v  is  less  than  cVdi"  the 
numerator  is  negative,  and  if  the  denominator  is  also  neg- 
ative»  the  case  of  Fig-  130a  results.  When  v  is  greater 
than  c\/di  and  the  denominator  is  positive  the  case  of  Fig. 
1306  obtains.  When  v  equals  Vg<f.  the  value  of  &d/§l  is 
infinity  and  the  water  surface  stands  normal  to  the  bed 
of  the  stream;  this  remarkable  case  can  actually  occur 
in  two  ways  and  they  will  be  discussed  in  Art.  133. 

Prob- 130a.  Let  J  — i/ioo,  c  =  8o,  and  D^i  foot.  Compute 
values  of  Sd/Si  for  <i=^  1,23,  d^i.^^,  i^i.sj,  d=i.2fi,  and  d^ 
1.^7  feet;  then  draw  the  surface  curve. 

Prob.  130&.  Let  the  velocity  of  the  stream  be  20  feet  pfr 
second,  the  value  of  c  be  80,  and  the  slope  be  i  on  aooo.  Com- 
pute values  of  3d/St  for  depths  of  la.a,  i?-3»  13-4,  i»'5i  and  12.6 
feet;  then  draw  the  surface  curve. 
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Art.  131.     Tub  Backwater  Cuuve 

When  a  dam  is  built  across  a  uUannel  the  wetter  surface 
raised  for  a  long  distance  up-stream.  This  is  a  fruitful 
of  contention,  and  accordingly  many  attempts  have 
made  to  discuss  it  theoretically,  in  orjer  to  be  able  to 
compute  tlie  probable  increase  in  depth  at  various  dis- 
tances back  from  a  proposed  ilani.  None  of  tliese  can  bo 
?aid  to  have  been  successful  except  for  the  simple  case 
where  the  slope  of  the  bed  uf  the  channel  is  constant  a.nd 
its  cross-section  such  that  the  width  may  be  regarded  as 
niifomi  and  the  laydraullc  radius  be  taken  as  equal  to  tlie 
depth,  These  conditions  are  ckiauly  fulfilled  for  some 
streams,  and  an  approximate  solution  may  be  made  by  the 
fccmola  (139)j.  It  is  desirable,  however,  to  obtain  an 
«act  equation  of  the  surface  curve,  so  as  to  seciire  a  more 
i^ble  method. 

For  this  purpose  take  the  differential  equation  of  the 
airface  curve  given  in  (130),,  and  let  the  independent  vari- 
able dJD  be  represented  by  x.  Then  it  may  be  put  into 
dje  more  convenient  form 

H     D  i       x^dHIt 


S=Tt-  + 


'^) 


(131), 


™  which  t  is  the  abscissa  and  Dx  the  ordinate  of  any  point 
of  the  curve.     The  general  integral  of  this  is 


/ 


J)% 


^-(i-f)0 


^c'l-far+i 


(a^-i)"       v7 


—  —p^  arc  cot 


+  C 


which  is  the  equation  of  the  surface  cur\'e,  C  being  the  con- 
stant of  integration.  To  use  this  let  the  logaritlimic  and 
cin:ular  function  in  the  second  parenthesis  of  the  second 
member  be  designated  by  ^(ar)  or  ^id/D),  namely, 

At   K      A/Jtn,      '  I       ^'-\-x-\-j        I  ^jr  +  i 
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Then  the  above  valuo  of  I  may  l>e  \^Tittea 


'-^-a-f)Hi)-- 


Now 


let  df  be  tlic  depth  at  Uio  liam  and  let  /  be  measured 

up-stream  from  that  point 
to  a  section  where  the  deiJtii 
is  d^.  Then,  taking  the  in- 
tegral  between  these  limits 
the   constaut    C   disappears, 


I 


Vf..  lai 


and 


'-^^"{i-iuiym  <-'■ 


■whicli  is  ihe  pTaclical  fonnula  frtr  use.  In  hke  manner  d^ 
iUAy  represent  a  depth  !il  any  given  section  and  d^  any 
depth  at  the  distance  t  up  the  stream. 

When  d—D,  the  depth  of  the  backwater  becomes  equal 
to  thrtt  of  the  ptvviiius  uniform  flow,  x  is  iinitj',  and  hence 
/  is  infinity.  The  slope  CC  of  unifonn  flow  is  therefore  an 
iisvmptole  to  the  bactwater  ctir^'e.  Accordingly  the  depth 
Jj  IS  alwa>*s  greater  than  D,  although  praciically  the  differ- 
ence may  tw  very  small  for  a  long  ^stance  L 


In  ilw  in\'?stigatio<i  of  backwater  problems  there  ai« 
two  cases:  firs^d^and  J^  may  be^ven  and /is  tobe  fotind; 
nnd  second,  /  and  coe  of  the  depths  are  ^vcn  and  the  other 
deptTi  is  to  be  fihuid,  Tq  solv^  these  problems  the  vahi^s 
of  the  baoltwulcr  fuivtioD  ^{J'D)  computed  by  Bresse  are 
giwn  in  T;xbk!  -IX.*  The  argument  oC  the  table  is  O/d, 
whioh,  bcitip  ahuTays  less  tK-m  unity,  is  more  cocivenient 
for  tatmlar  purposes  tbftA  ■///>,  since  the  \~alues  of  the  lat 
ninsc  fr.yn  i  lo  « .  By  tbe  help  o£  Table  4S 
pn^tJcniH  tiwy  be  discits9e<i  and  the  foUowit^  exam 
vrill  i1htttritl<c  tbe  mtflhod  of  procedure. 
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A  stream  of  5  feet  depth  is  to  be  damirjcd  so  that  the 
water  sliall  be  10  ftjet  deep  a  short  distance  up-streaiJi  from 
the  d^m.  The  uniform  slope  of  its  bed  and  surface  is 
iiSy,  or  a  little  less  than  one  fuot  per  mile,  und  its 
il  is  such  that  the  coefficient  c  is  65.  It  is  required 
to  find  at  what  distance  up-stream  the  depth  of  water  is 
6  feet.  Here  /J  — 5,  -ij  — to,  d^'=6  feet,  i./i'«ii>^i,  and 
*'Vi=i3i-  ^'<^w  D/d^=o.<„  i*^  wbich  the  table  gives 
^\dJD)  —0.1318,  and  D/d^  =0.833,  for  wliieh  the  la^bl^^  gives 
^{dJD)  —0.4 jg 2,     These  values  inserted  in   (13l)j  give 

£-5391(10-6) +  5(5jgT  -  jji)(o.4.79fl-o.i3rS) 

frwn  which  ^  =  30  115  feet  =  5,7o  miles.  In  this  case  the 
wnler  is  raised  one  foot  at  a  distance  5,7  miles  up-stream 
from  the  dam,  in  spite  of  the  fact  that  the  fall  in  llie  bed 
<if  the  channel  is  nearly  5.7  fett. 

The  inverse  problem,  to  compute  d^  or  d^,  when  cme  of 
and  I  are  gi^"en,  can  only  be  solved  by  rcjieated  trials 
ty  the  help  of  Table  48.  For  example,  let  /-30  135  feet, 
the  other  data  as  above,  and  let  it  ho  required  to  determine 
<Jj  so  that  d^  shall  be  only  5.2  feet,  or  0.2  feet  greater  than 
Ihp  original  depth  of  5  feet.  Here  D/d^'^o.g62,  for  which 
the  Uhle  gives  ^t'iJ./D)  =o.i)ii7.     Then  (131),  becomes 

30  135 -'5a9i(i3-5.a) +  35  800 [0-9717- ^(</j/D)] 

which  is  easily  reduced  to  the  simpler  form 

3a  566-S3gidj--J5  ^aai^(d^/D) 

Values  of  d^  are  now  to  be  assumed  until  one  is  found  that 
satis6es  tlus  equation.  Let  dj  =  ^  feet,  then  (D/d,)  =0,625 
and,  from  the  table,  ^(tij/U) —0.2180^  substituting  these, 
the  second  member  becomes  36  703,  which  shows  that  the 
assumed  value  is  loo  large.  Again,  take  J,  =  7  feet^  then 
7J,-o>7i4,  for  which  ^{D/d^)  =0,303/,  whence  the  second 
ber  is  29  202,  showing  that  7  feet  is  too  small.     If 
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c/,  =  7.4  feet>  then  D/d^  —  o.b-,^  and  iit(d J D)  =0.3629,  ^1 
with  these  values  the  equation  is  nearly  satisfied,  but  7. 
is  still  too  small.  On  trying  7.5  it  is  found  to  be  too  largi 
The  vah^e  ti  J^  hem^e  lies  bu'twet^n  7.4  and  7.5  feet,  whic' 
is  as  close  a  solution  5s  will  generally  be  required- 
height  o£  Oara  required  to  maintain  this  depth  may  no 
he  computed  from  Art.  12S. 

If  the  slope,  width,  or  depth  of  the  stream  clianges  ma- 
terially, the  above  method,  in  wliich  the  thslance  I  is  meas- 
ure<l  from  the  dam  as  an  origin,  cannot  be  used.  In  such 
cases  the  stream  should  be  divided  into  reaches,  for  each 
which  the  slope,  width,  und  {le].ith  can  \k  regarded  as  con- 
stant. The  formula  can  then  be  used  for  the  first  reach  ani 
the  depth  of  its  upper  section  be  determined ;  then  the  appH 
cation  can  be  made  to  the  next  reach,  and  so  on  in  ordi 
For  common  rivers  and  for  shalloiv  ciinals  it  will  probably 
a  good  plan  to  determine  D  by  actual  measurement  oft 
area  and  welted  perimeter  of  the  cross-section,  the  hydraulic 
radius  compnterl  from  these  being  taken  a^  the  value  of  D. 
Strictly  speaking  the  coefficient  c  varies  with  the  slope 
and  with  D.  and  its  values  may  be  found  by  Kultcr's  for- 
mula, if  it  be  thouj^ht  worth  the  while.  Even  if  this  be  done. 
the  results  of  the  computations  must  be  re^^arded  as  hable 
to  considerable  uncertainty.  In  computing  depths  for 
given  lengths  an  uncertainty  of  10  percent  or  more  in  the 
value  o£^,  — tip  should  be  expected. 

Prch,  Vila.  A  stream,  having  a  cross-section  of  ^400  square 
feet  and  a  wetted  perimeter  of  joo  feet,  has  a  unif otm  slopi^  nf 
3.07  feet  per  mde,  and  its  channel  is  i^uch  thai  c  =  70.  It  is 
proposed  10  btiild  a  dam  to  raise  the  water  6  feet  above  the 
former  level,  without  increasing  the  width.  Compute  the  riic 
of  the  backwater  at  a  distance  of  one  mile  up-sif^am. 

Prob.  13lh.  A  stream  lias  the  same  cross-section,  wetted 
perimeter,  slope,  and  coefficient  aa  above,  and  the  dam  is  to 
he  built  to  the  same  height.  At  what  distance  up-stream  will 
the  mean  depth  be  10.5  feet? 
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Art.  132.     The  Drop-down  Surtace  Curvb 

When  a  sudden  fall  occurs  in  a  stream,  the  water  surface 
for  a  long  distance  above  it  is  concave  to  the  bed,  as  seen 
in  Fig.  1306  or  in  Fig.  132.     This  case  also  occurs  when  the 


■ -f 


entire  discharge  of  a  canal  is 
allowed  to  flow  out  through  a 
forebay  F  to  supply  a  water- 
power  plant.     Let  D  be  the 

original     uniform     depth    of  i ,™,™_ 

water  having  its  surface  paral-  . . . ^^^^ 

[     lei  to  the  bed.  the  slope  of  both  Fic.  132 

,  being  i.  Let  d^  and  d^  be  two  of  the  depths  after  the  steady 
non-imiform  flow  has  been  established  by  letting  water  out 
at  F,  and  let  d^  be  greater  than  d,,  the  distance  between 
tbem  being  I.  The  investigation  of  the  last  article  applies 
in  all  respects  to  this  form  of  surface  curve,  and 

"sihe  equation  for  practical  use,  in  which  c  is  the  coefficient 
in  the  Chezy  formula  v  =c\/rs,  and  g  is  the  acceleration  of 
gravity.  Table  48  cannot,  however,  be  used  for  this  case 
because  d/D  in  that  table  is  greater  than  unity,  while  here 
^t  is  less  than  unity. 

The  function  ^{d/D)  with  values  of  d/D  less  than  unity 
is  here  called  the  ' '  drop-down  function, ' '  in  order  to  dis- 
tinguish it  from  the  backwater  function  of  the  last  article, 
although  the  algebraic  expression  -for  the  two  functions  is 
the  same.     Table  49.  due  also  to  Bresse.  gives  values  of  this 
drop-down  function  for  values  of  the  argument  d/D  ranging 
from  o  to  I,  and  by  its  use  approximate  solutions  of  prac- 
tical problems  can  be  made.     For  example,  take  a  canal  lO 
feet  deep,  having  a  coefficient  c  equal  to  8o,  and  let  the 
slope  of  its  bed  be  1/5000  and  its  surface  slope  be  the  same 
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when  the  water  is  in  uniform  flow.     Here  D  -=  lo  feel,  c'/g 
20O,  and  1/^=5000.     Then 


1=  "$  ooo{d^  —  ^i^)  +  48  ODD 


lHd 


))-<.)] 


Now  suppose  that  a  break  occurs  in  the  bank  of  the  canal 
out  of  which  rushes  more  water  than  that  delivered  in  nor- 
mal flow  when  the  depth  is  10  feet,  iind  let  it  be  reriiiiroil  to 
find  the  distance  between  two  points  where  the  depths  of 
water  are  8  and  j  feel-  Here  d^  /D  =  o.B  for  which  ^{dJD} 
—  0,3450,  and  dJD^o.^  for  which  ^(^^13) -=0.1711,  In* 
serting  these  values  in  the  equation  there  is  found  ^  =  33gt> 
feiJt. 

In  this  case  there  is  a  certain  Umilln^  depth  below  whicli 
the  above  formula  is  not  vahd.  This  hmit  is  the  value  of 
X  for  which  3l/dx  becomes  zero  or  the  value  of  x  where  the 
surface  curve  is  vertical  and  the  bore  occurs  (Art.  133J- 
From  (131)^  it   is  Seen   that   this  happens  when 

and  for  the  abn\'e  exam|ile  this  limiting  depth  is  found  to 
2-4  feet-  Near  this  limit,  however,  the  velocity  becomes 
large,  so  that  Lhera  is  much  uncertainty  regarding  the  viJue 
of  the  coefficient  c. 

When  a  given  dischar^  per  second  is  taken  out  of  a  fore- 
bay  at  the  end  of  a  cazial  liaving  its  l>ecl  011  a  slope  1.  the 
above  formula  must  be  modified.  Let  q  be  the  dtsohar^ 
and  let  D^  be  the  depth  at  a  section  where  the  slope  is  s ; 
then  q  equals  cbD^\/D,s.  If  this  value  of  q  he  substi- 
tuted in  the  equation  (130),  and  then  the  same  reasoning 
be  follow^  as  at  the  beginning  of  Art.  131,  it  will  he  found 
that  formula  (132)  will  apply  to  this  case  if  D,(j/0*  be 
used  instead  of  Z>.  For  example,  let  q  =  jooo  cubic  feet  per 
second,  D,  =  io  feet,  i— i/io  000,  c  — 80,  and  the  widtli 
t-ioo  feet.     Then 

J -^3Vc'6'i?/  =  1/7100        D=D^(s/i}^  =  11.2  feet. 
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Sow  if  it  be  require<1  to  find  the  distance  between  tw<3 
foitits  where  the  tlepths  of  witler  are  lo  ;ind  g  ieet,  formula 
(132}  can  be  directly  applied,  and  accordingly  there  is  founds 
tyihe  help  of  Table  49, 

/--lo  000(10—9) +  IOQ  800(0.578  —  0-355^  =14400  feet 

an<!  hence  a  forebay  admitting  the  givon  discharge  \vill  not 
draw  down  the  water  to  a  depth  less  than  9  feet  if  it  be 
located  14  400  feet  down-stream  from  the  section  where  the 
miao  depth  IS  to  feet. 

Navigation  canals  are  often  built  with  the  bed  horizontal 
between  locks,  and  here  /  =  o.  The  above  formula  cannot 
be  applied  to  this  case  becaui^e  the  rliiferential  equation 
(I30j,  vanishes  when  i  is  zero.  To  discuss  it,  equation  (130)  j 
must  be  resumed,  and,  inverting  the  same, 


c'b--d' 


The  iniegration  of  this  between  the  limits  d^  and  cf,  gives 


cV  c' 


(132). 
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LTtm  which  /  may  be  computed  when  q  is  known.  As  an 
ttample,  take  a  rectangular  trctugh  for  which  ^  —  20  cubic 
fee:  per  second,  b  =  s  feet,  c  =  3q,  and  let  li,  =  j.oa  feet  and 
^=^1.91  fecL  Then  from  the  formula  /  is  found  to  be  329 
feet-    This  is  the  reverse  of  the  example  at  the  end  of  Art, 

IJ3il,  where  i  was  given  as  333  feet,  so  that  the  agreement  is 
rwygood. 
To  compare  a  canal  having  a  level  bed  with  the  one  pre- 
nously  consiilercd,  the  same  data  will  be  used,  namely, 
['10  feet,  ij=9  feet,  &-100  feet.  C-So,  and  ^  =  3000 
nbic  feet  per  second.     Then   from   (132),  there  is  found 


1=  1,778(10'  — y*)  —  2oof  10  — 9)  —5920  feeti 


'low  dp  R 


andaccordinglythewatcrkvcl  is  drawn  down  in  one-third 
the  distance  uf  that  of  the  previ^jus  case.  The  quantity  g^^ 
water  that  can  be  obtitined  from  a  navigation  caral  is  alwa^"^^ 
less  than  Crom  one  having  a.  sloping  bed,  and  it  has  frequently'^'''^ 
hnp]}[;ncd,  wht'n  snch  a  can^^l  is  Eibandoned  for  navigation 
puqjoses  and  is  used  to  furnish  'water  for  power  or  for  3, 
piihlit'  tiupj>ly,  that  the  quantity  delivered  is  very  nnidi 
sniflUer  than  was  expected. 

Prob.  132.  A  canal  from  a  river  io  a  power  house  is  two 
miles  long,  lis  bed  b  on  a  slope  of  i/ioooq,  and  c  is  70,  When 
the  water  is  in  uniform  flow  the  depth  D  is  6-0  feet,  and  th^ 
discharge  is  3oo  cubic  feet  per  spcond.  If  there  be  a  fn>wer 
house  which,  takes  locro  cubic  feet  per  second,  find  the  probable 
depth  of  water  at  Ihe  entrance  to  its  foreba>^ 


Ftg.  I33a 


Art.  133.     The  Jump  and  the  Robe 

A  very  curious  phenomenon  which  sometimes  occurs 
in  shallow  channels  is  that  of  the  so-calltd  "jump.''  as 
shown  in  Fig.  133a.^     Tliis  happens  when  the  denominator 

in  (lyOJ,  is  zero;  then  5t//5i  is 
infinite,  ajid  the  water  surface 
standi  normal  to  the  bed. 
Placing  that  denominator  equal 
to  zero,  there  is  found  v^=gd. 
Now  by  further  consideration  it  will  appear  that  the  varj^ng 
denominator  in  passing  throuj^h  zero  uhanges  its  sij^,  Abox-e 
the  jumpwhere  tlie  depth  is  d^  the  \'elocity_is  slightly  greater 
than  V^^p  and  below  it  is  less  than  v^giJ,.  The  conditions 
fortheoccurrenceofthe  jump  are  that  an  obstruction  should 
be  in  the  stream  below,  that  the  slope  t  should  not  be  small, 
and  that  the  velocity  v^  should  l:c  greater  than  \^gd^.  To 
find  the  necessary  slope,  the  algebraic  conditions  are 

v^=cVdji      and    l\>Vgd^      whence    i>ff/c* 

and  accordingly  the  jump  cannot  occur  when  (  Is  less  than 
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H|/c'.  For  an  unplancd  planked  trough  c  may  hs  taken  at 
HhtxTut  loo;  hence  the  slope  for  this  raust  be  equal  to  or 
^krefiter  than  o^ctoj^s. 

To  detemutie  the  height  of  the  jump,  let  d^^d,  bo  repits 
■sented  by  /.  It  is  then  to  be  obscT%Ti.l  that  the  lost  velocity- 
head  is  (i",*  — fj*)/a^,  and  that  this  is  lost  in  two  ways — first 
liy  ibe  impact  due  to  the  expansion  of  section  (Art-  74), 
aivl  second  by  the  uplifting  cf  the  whole  quantity  of  water 
through  the  height  i(d^  —  d^).  loss  iu  iiiction  between  d^  and 
J^  being  neglected.     Hence 


v.'-v 


(^,-v,y 


hiserting  in  this  the  value  of  t^,  found  from  the  relation 
tij((Ji+;J  =v^d^,  aod  solving  tor  /,  gives 


j-'-d,-. 


(133) 


The  following  is  a  comparison  of  heights  of  the  jump  com- 
puted by  this  formula  and  the  obser\'ed  values  in  four  ex- 
penmenls  made  by  BidonGj  the  depths  being  in  feet: 


Dcplh  J|, 

Vdodly  Vi. 

Observed  /. 

CnmpulCf]  /. 

0'M9 

4-S9 

o,*74 

a.  7^ 

0-1S4 

4-47 

0,267 

O-jSj 

o,roS 

5-59 

0-305 

"o.+jS 

0.34G 

6-3* 

o.iti 

D'SJt 

The  ngreement  is  ver>'  fair,  thu  Cfiiniputed  values  being  nil 
slightly  greater  than  the  obacr\'ed,  which  should  be  the  case, 
because  the  reasoning  omits  the  frictional  resistances  be- 
tween the  points  where  d^  and  d^  are  measured.  Experi- 
ments made  at  Lehigh  Uni^'ersity,  under  velocities  ranging 
frnni  ?.  2  to  6.2  feet  per  second,  show  also  a  good  agreement 
ween  computed  and  observed  value,*  Tho  depths  in 
these  experiments  were  less  than  in  those  of  Bidone,  but 
igher  relative  jumps  were   obtained.     For  instance,   for 

•  EogincFring  Nfws,  1895,  voL  J4,  p.  sB. 
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Vj=4-33  feet  per  second  and  if ^  =0.039  feet,  the  obser\'ed 
value  of  J  was  0.166  feet,  whereas  the  value  computed  from 
the  above  formula  is  o- 1 73  feet ;  here  the  jump  is  more  than 
four  times  the  depth  d^.  while  it  is  usually  less  than  twice 
d,  in  the  above  records  from  Bidone. 

Another  remarkable  phenomenon  is  that  of  the  so-called 
' '  bore ' '  where  a  tidal  wave  moves  up  a  river  with  a  vertical 
front.  Tt  is  also  seen  when  a  large  body  of  water  moves 
down  a  canon  after  a  heavy  rainfall^  or  when  a  reservoir 
bursts  and  allows  a  large  discharge  to  suddenly  escape  down 
a  narrow  valley.  In  the  great  flood  of  1889  at  Johnstown, 
Pa.,  such  a  vertical  wall  of  water,  variously  estimated  at 
from  10  to  30  feet  in  height,  was  seen  to  move  down  the 
valley  carrying  on  its  front  brush  and  logs  mingled  with 
spray  and  foam.*  In  41  minutes  it  travelled  a  distance  of 
13  miles  down  the  descent  of  380  feet.  The  velocity  was 
hence  about  28  feet  per  second. 

Fig.  1336  shows  the  form  of  surface  curve  for  this  case 
and  by  reference  to  {13fl)a  it  is  seen  that  3d/3l  must  be  nega- 
tive and  that  it  has  the  value  cc  at  the  vertical  front. 
The  conditions  for  the  occurrence  of  the  bore  then  are 

V  =  V^    and     V  >  cVdt     whence     i<g/c^ 

'T~    For  the  Johnstown  flood,  taking  r  as 
.J  ^      28  feet  per  second,  the  value  of  d  found 
immmmmiimAk:3i  from  this  equation  is  24  feet;  it  was 
Fic.  1^36  probably    greater   than     this    in    the 

upper  part  of  the  valiey  and  less  in  the  lower  part.  Since 
the  value  of  i  is  about  i/i8o,  it  follows  that  c  must  have 
been  less  than  76.  The  conditions  here  established  show 
that  the  flood  bore  will  occur  when  the  velocity  becomes 
equal  to  \^gd,  provided  c  is  less  than  >/g/i.  It  appears, 
therefore,  that  roughness  of  surface  is  an  essential  condition 
for  the  formation  of  the  bore  in  a  steep  valley. 

*  Transactions  American  Society  Civil  Enginnrs,  18S9,  vol.  3i,p-  564. 


[E  Jump  axd  the  Boi 


The  bore  can  also  occur  in  a  canal  with  horizontal  bed 
when  -d  lock  breaks  above  an  empty  level  reach,  provided  v 
btconics  equal  to  V£<i.  No  case  of  this  kind  appears  to  be 
[«i  record,  and  there  seems  to  be  no  way  of  ascertaining 
'*he|iier  Ihe  actual  velocity  will  reach  the  limit  Vgd.  If 
fthe  bore  occurs  and  the  depth  of  the  vertical  wall  be  if,  its 
Idistince  from  a  point  where  the  djpth  is  ii,  is  found  from 
\W)j  by  inserting  in  it  the  value  of  g  corresponding  to  the 
ntical  velocity  v.  Thus  may  be  shown  that  for  c  =  8o 
J,-iii,  the  length  i  Js  about  275J,. 

The  tidal  bore,  which  occurs  in  many  large  rivers  when 
lide  flows  in  at  their  mouths,  obeys  similar  laws.  Here 
iCfilope  i  may  betaken  as  zero,  while  c  is  probably  very 
'.  so  that  roughness  of  surface  is  not  an  essential  condi- 
The  great  bore  at  Hangchow,  China,  which  occurs 
:*wite  a  year,  is  said  to  travel  up  the  river  at  a  rate  of  from 
[10  to  13  miles  per  hour,  the  height  of  the  vertical  front 
wing  from  10  to  jo  feet.*  Fromzr^'^/ gd.  the  velocity 
t^rresponding  tc  a  depth  of  10  feet  is  ia,6  miles  per  hour, 
[*hile  that  corresponding  to  a  depth  o£  ao  feet  is  17  miles 
rhour,  so  that  the  statements  have  a  fair  agreement 
th  the  theoretical  law.  This  investigation  indicates  that 
velocity  of  the  titlal  bore  depends  mainly  upon  the 
ilh  of  the  tidal  wave  above  the  river  surface,  but  it  tnay 
iiDted  that  other  discussionst  regard  the  depth  of  the 
|jivtr  itaelf  as  an  clement  of  importance,  and  Art,  182  con- 
this  question  with  respect  to  common  waves, 

Prob.  133a.  When  the  height  of  the  jump  la  three  times  the 
th  rf,.  show  that  the  velocity  v^  must  be  aVat'tij.     Also  ahow 
0.414^^  is  the  minimum  height  of  a  jump, 

Prob,  133&.  Assuming  that  c  was  3a  for  the  valley  of  the 
Jhnstown  flood,  and  that  this  whs  of  unifomi  width,  show  that 

*  SkidntJTe'fi  Chiiv»  ibe  LDn^'Uvvd  Bmpir?  (New  York,  [906),  p.  394. 
f  O-  H,  Daiwin,  Tbe  Tida,  p.  G5;    Ccntiuy  MaABzine,  vo[.  34,  p,  903. 
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the  depth  of  the  vertical  front  at  the  city  was  not  less  than  one- 
half  of  the  depth  a  short  distance  below  the  reservoir, 

Prob.  I33i:.  Show  that  the  formula  on  page  324,  when  re- 
duced to  the  metric  system,  becomes  v  =  ^  -{-i>.\.\/rs, 

Prob.  iZZd.  A  stream  iBi  meters  wide  and  5  meters  deep 
has  a  discharge  of  1318  cubic  meters  per  second.  Find  the 
height  of  backwater  when  the  stream  is  contracted  by  piers 
and  abutments  to  a  width  of  96  meters. 

Prob.  133*.  Which  has  the  greater  discharge,  a  stream  i,a 
meters  deep  and  20  meters  wide  on  a  slope  of  three  meters  per 
kilometer,  or  a  stream  1.6  meters  deep  and  36  meters  wide  on 
a  slope  of  two  meters  per  kilometer? 

Prob.  133/.  A  stream  3  meters  deep  is  to  be  dammed  so  that 
water  shall  be  4  meters  deep  at  the  dam.  Its  slope  is  0.0003  and 
its  channel  is  such  that  the  metric  value  of  c  is  39.  Compute 
the  distance  to  a  section  up-stream  where  the  depth  of  water  is 
3.6  meters. 
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WATER  SUPPLY  AND  WATER  POWER 


Art-  134.     Rainfall  akd  Evaporation 

AH  the  water  that  flows  in  streams  has  at  some  previous 

time  been  precipitated  in  the  ftirni  of  rain  or  snow.  The 

word  "'  rainfall "  means  the  total  rain  and  melted  snow,  and 

It  is  usually  measured  in  verticaJ  inches.     The  annual  rain- 

'aU  15  least  in  the  frigid  zone  and  greatest  in  the  torrid  zone ; 

^t  the  equator  it  is  about  lOO  inches,  at  latitude  40**  atiout 

40  inches,  and  at  latitude  60"  about  ?o  inches.     There  arc, 

^Q^\'er,  certain  places  where  the  annual  rainfall  is  as  high 

^  500  inches,  atid  others  where  no  rain  ever  falls.     In  the 

^'liled  States  the  heaviest  annual  rainfall  is  near  the  Gulf 

„     ^  Motico,  where  6d  inches  is  someLimes  registered,  and  near 

HfT'iget   Sound,    where   go    inches   is   not   uncommon.      In 

^^*^st  large    region,    formerly    called   the    Great   American 

'^^^strt,  which  lies  between  the  Rocky  and  Sierra  Ncvarla 

'^^Ountaans,  the  mean  annual  rainfall  does  not  exceed :  5  inches, 

"^d  in  Nevada  it  is  only  about  7}  inches.     The  amount  of 

^infall  in  any  locality  depends  upon  the  winds  and  iipon 

^ne  neighboring  mountains  and  oceans. 

At  any  place  the  rainfall  in  a  given  year  may  vary  con- 
^deiably  from  the  mean  derived  from  the  observations 
of  several  years.  "  Thus,  at  Philadelphia.  Pa,»  the  mean 
annual  rainfall  is  about  40  inches,  but  in  i8go  it  was  50. S 
inches  and  in  18S5  it  was  only  33. 4  inches.  Similarly  at 
Denver,  Col.,  the  mean  is  about  14  inches,  but  the  extremes 

about  20  and  g  inches.     When  a  very  low  annual  ratn- 
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fall  occurs,  that  of  the  year  preceding  or  following  is  also  apt 
to  be  low,  aiid  estimates  for  the  water  supply  of  towns  must 
take  into  account  this  minimum  annual  rainfall.  The  dis- 
tribution of  rainfall  throughout  the  year  must  also  be  con- 
sidered, and  for  this  purpose  the  rainfall  records  of  the  given 
locality  should  be  obtained  from  the  publications  of  the 
TJ,  S.  Weather  Bureau  and  be  carefully  discussed-  In 
making  plans  for  a  water  supply  it  should  be  the  aim  to 
secure  an  ample  amount  during  the  driest  months  of  the 
driest  year.  The  following  shows  the  average  rainfall  in 
inches  in  several  states  and  in  the  United  States  for  the 
four  seasons  and  for  the  year;  for  very  wet  years  about 
25  percent  may  be  added  to  these  values,  while  for  very 
dry  years  about  25  percent  may  be  subtracted. 


S^trinf^ 

SumniFrb 

Autumn. 

Winter. 

AnmuL 

Massachusetts, 

11.6 

"4 

"9 

11.7 

46.6 

Pennsylvania, 

10.3 

"7 

lO.O 

9-5 

41.5 

South  Carolina, 

9-& 

16.J 

9-7 

9-7 

45-4 

Illinois, 

TO,  a 

11.2 

9.0 

7-7 

3S.1 

MiDnesola^ 

65 

io,a 

53 

3^1 

26.2 

Colorado, 

4  J 

5-5 

3.S 

3,3 

MS 

CaLifomta, 

r-.? 

0.3 

3  5 

ii-9 

31.9 

Uniied  States, 

9  ? 

'O  J 

S3 

a,  6 

36.3 

After  rain  has  fallen  evaporation  immediately  begins 
from  both  land  and  water  surfaces,  and  this  continues  until 
all  the  rainfall  Is  ultimately  evaporated  into  the  atmosphere, 
where  it  is  condensed  into  clouds  and  falls  again  as  rain. 
For  any  particular  watershed,  however,  the  evaporation  is 
less  than  the  rainfall,  so  that  the  remainder,  which  is  called 
"runofT,"  may  be  impounded  for  the  purposes  of  water 
supply  or  water  power.  In  the  Atlantic  states  the  annual 
evaporation  from  land  surfaces  is  about  40  percent  atid  that 
from  water  surfaces  about  60  percent  of  the  annual  rainfall, 
so  that  about  one-half  of  the  annual  rainfall  may  be  utilized- 
In  the  arid  regions  west  of  the  Rocky  mountains  the  per- 
centages are  much  higher,  th^it  from  water  surfaces  being 
four  or  five  times  as  great  as  the  rainfall.     From  a  discus- 


sIot  of  the  observef  ^-^LZ'zrjLZi  :^  zz.  tbc  r^^-err:  ir>i  r'iii'je 
partsof  the  t'mtei S"-i:t^.  V^rm-e-^^^i;  ir'i-^-ef  :2w icTr/.^ia 

where  J?  is  the  ^l^^-i^lL  r^iirjf^  i^i  ^  ibe  :.i:r:u^  ev^T^.-rrj'^.-ri 
in  inches,  and  T  :=  iht  mi-^^i:  ^.^^-jj^I  -em^^r^r^t  -i:  FihreTi- 
heil  degrees.*  I:  T  =  ii-.'i'.  'S^  rieo-i^zics  ^=15.5  —  c.i:*,^, 
which  is  a  mean  va:-e :  :t  Ne^r  ^t^rs^y  ^r.  i  r.t^lghbv-rir-g  stales ; 
if  7  be  47°  ihe  ev^^PT-r^-J it:  is  ter_  perjerT  :ess,  ar.i  if  7  be 
52'^  it  is  ten  percerit  ir.ore.  Thir-  '-his  nie^r:. 

The  evaporaii-'^.  i::  iirerert  :T::>r-:'is  varies  grieailv,  the 
mean  monthly  terr^peTat^irt  ^<^lr.g  the  ccctrollin^  facior. 
The  foUo'iTng  are  aTCTige  v^]ut^  ^'^'^^  ^y  \ermetile  ict  ihe 
vicinity  of  New  Jersey,  ^vhere  the  mean  annuj]  lemperature 
3S  J9°.6:  r  representing  rr.e;--n  rronthly  r-^iall  and  ^  mean 
inonthly  evaporations  in  inches: 


Jan., 

f— 0.27  —  0,  lor 

July* 

f  —  i,oiH-o.jeor 

Feb. 

f  — 0  _;o*o.iOr 

Aug., 

t—j.^2-^o.2^r 

March. 

f -"j.jr-^o.  If* 

Sfpt., 

f— 1.61*0.  XT 

April, 

r=o.^:— o.rof 

Cti.. 

r  — o,>f—  o.i^ 

May, 

f  —  i>7*o.?or 

Xw, 

f  =fi.6*>*o,ior 

June,        f  —  3.50— o.j^T  !>«,,         c--0  4;-^f>.iOr 

^^  obtain  the  monthly  evaporations  for  places  of  me;in 
^>inual  temperature  T.  the  values  found  for  c  aiv  to  be  muki- 
P^j^d  by  0.057"— 1.48,  Thus,  if  there  be  S  inches  of  nun 
^  July,  <'~5-*o  inches.  ;md  if  the  mean  annual  tem]>eratUR* 
^  56",  this  is  to  be  increased  by  3^  percent. 

Prob.  134,  Show  cJiat  one  incli  of  rainfall  per  month  is,  very 
nearly,  o.g  cubic  feel  per  second  per  square  mile. 

Art,  135-     Ground  Water  an'd  Runoff 

When  the  ground  is  frozen  and  the  precipitation  does 
pot  accimiulate  in  the  form  of  ice  and  snow,  the  runoff  from 
a  watershed  is  closely  equal  to  the  rainfall  minus  the  cvapo- 

'  U.S.  Geological  Survey  of  New  Jersey  (Trenton,  1894),  vol.  j,  p.  7(1. 
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ration.  If  three  inches  of  rain  falls  x>cr  month  and  one^ 
third  of  tliis  es'aporates.  the  runoff  wUI  be  nearly  a  cubic 
feet  per  second  for  each  square  milt!  of. the  watershed.  The 
dischar^  due  to  a  heavy  rainfall  occurring  in  a  short  period 
or  to  the;  iTiolting  of  snuw  may  be  twenty  or  thirty  limes  as 
great,  A  rainfall  of  lo  inches  occurring  in  two  days,  if  three- 
fourths  of  it  is  delivered  at  once  to  the  streams,  will  give  a 
flt)od  discharge  of  about  lOo  cubic  feel  per  second  per  square 
mile  of  watershed  area.  It  is  not  usually  necessary  to  con- 
sider these  flood  discharges  in  estimates  for  water  supply 
and  water  power,  except  in  order  to  take  precautions  against 
the  dumage  they  may  cause. 

During  the  spring  the  ground  is  filled  with  water  which 
is  slowly  flowing  toward  the  streams,  and  llus  gn>und  water 
is  the  main  source  of  the  runoff  from  a  watershed  during 
the  dry  months.  The  velocity  of  flow  of  lliis  ground  water 
varies  directly  as  the  slope  of  its  surface,  for  this  velocity 
is  slow  so  that  no  losses  occur  in  impact  (Art.  117),  Wljen 
the  slope  of  the  surface  of  the  ground  water  becomes  zero, 
the  streams  are  dr>'  if  there  be  no  rainfall  The  discharge 
of  a  stream  in  a  dry  season  hence  depends  upon  the  depth 
id  slope  of  the  ground  water,  and  ibis  in  turn  depends 
tipon  the  previous  rainfall,  the  topography  of  the  country, 
and  the  diaracter  of  the  sod. 

While  data  regarding  ritinfall  and  e%-apOTatior  wi]l  fur- 
nish valuable  information  regarding  ihe  mean  annual  flow 
of  a  stream,  ihoy  will  usually  fail  to  indicate  the  mean  dis- 
charge duritig  dtfferenl  months.  For  this  purpose  the 
study  of  dischai^e  cunes  (Art.  126)  is  important,  and  i£ 
there  be  none  for  the  siream  in  hand,  it  will  be  necessaiy 
to  moAic  a  few  gagings  at  different  stages  of  water  and  to 
collect  infonnnti^m  regarding  the  lowest  stages  that  have 
been  obaorvetl  in  drj-  ycars- 

Ir  irrigation  '^■o^k  quantities  oi  water  are  often  «ti- 
nuitcd  in  terms  o(  a  convenient  unit  called  the  ' '  acre-foot- ' ' 
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Oneacre-foot  of  water  is  the  quantity  whkh  will  co\"er  one 
acre  to  n  depth  of  one  Utot,  nnmdy,  43  560  cubic  feet.  The 
dischEirge  cf  a  stream  is  often  stated  in  acre-feet  per  day. 
One  3cre-fcx5t  per  day  is  0.504s  cubic  feet  per  second,  or 
onenihic  foot  per  second  is  T.9S3  acre-Ieet  per  day.  One 
acre-foot  of  water  is  ^^s  ^5'  ^-  S.  gallons,  and  t  00c  ooo 
gallons  is  3-ci68g  acre-feet. 

The  hydraulics  of  irrigation  engineering  diiTera  m  no  re- 
Gpecl  from  that  of  water  supply  ;ind  water  power.  Water 
s  collected  in  reser\'oirs  or  obtained  by  damming  a  river,  and 
it  is  led  by  a  main  canal  to  the  area  to  be  irrigated,  and 
there  it  is  distributed  through  smaller  lateral  canals  to  the 
litlds.  The  smaller  the  canal  or  ditch  the  steeper  becomea 
ill  alnpe,  and  in  the  final  application  to  the  crops  the  flow 
ni  the  furrows  is  often  norma.1  to  the  contours  of  the  sur- 
face. In  a  river  system  the  brocks  feed  the  creeks,  and 
ibe  creeks  feed  the  river^  the  flow  being  from  the  smaller 
to  the  larger;  in  an  artificial  irrigation  system,  however, 
Ibe  floTT  is  from  the  lai^^  to  the  smaller  channel. 

Seepage  into  the  earth  from  an  irrigation  canal  con- 
sianlly  gties  on,  unless  its  bed  be  puddled  or  lined  with 
concrete,  and  this  loss  of  water  is  often  very  heavy.  For 
new  canab  it  is  often  as  high  as  50  percent  of  the  water, 
but  for  old  canals  it  may  become  lower  than  10  percent. 
2n  making  estimates  for  an  irrigation  supply  it  is  hence 
jBecPssary  to  tiike  into  account  this  seepage  loss,  and  also 
consider  that  due  to  evaporation. 

In  irrigation  estimates  the  ''duty"  of  water  is  to  be 
regarded-  This  is  defined  as  the  number  of  acres  that  can 
^be  irrigated  by  a  supply  of  one  cubic  foot  per  second,  and 
^pt  usually  ranges  from  60  to  loc  acres.  An  inverse  meas- 
ure of  duty  is  the  number  of  vertical  inches  of  water  required 
to  irrigate  any  area,  this  usually  ranging  from  iS  to  34  inches. 
The  acrc-f'Xit  is  also  frequently  used  in  statements  of  duty, 
one  acre-foot  per  acre  being  the  same  as  u  vertical  inches 
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of  water.  The  methods  of  measuring  the  water  by  orifices 
and  modules  in  terms  of  the  miner's  inch  unit  have  been 
explained  in  Art.  50. 

Prob-  135-  If  all  the  rainfall  that  does  not  evaporate  flows 
into  the  streams,  find  the  runoff  in  cubic  feet  per  second  from 
a  watershed  of  1225  square  miles  during  a  month  when  the 
rainfall  is  3.6  inches,  the  mean  annual  temperattore  being  48^.5 
Fahrenheit.     Also  for  the  temperature  of  49'^.$. 


Art.  136.     Estimates  for  Water  Supply 

The  consumption  of  water  in  American  cities  is,  on  the 
average,  about  100  gallons  per  person  per  day,  the  lai^e 
cities  using  more  and  the  small  ones  less  than  this  amount. 
The.  daily  consumption  in  July  and  August  is  from  15  to 
ao  percent  greater  than  the  mean,  owing  to  the  use  of  water 
for  sprinkling,  while  during  January  and  February  it  is  also 
greater  than  the  mean  in  the  colder  locahties  owing  to  the 
large  amount  that  is  allowed  to  run  to  waste  in  houses  in 
order  to  prevent  the  freezing  of  the  pipes  On  Monday's, 
when  every  household  is  at  work  on  the  weekly  washing, 
the  consumption  may  be  put  at  50  percent  higher  than  the 
mean  for  the  week.  Accordingly  if  the  yearly  mean  be 
100  gallons  per  person  |jer  day.  the  Monday  consumption 
during  very  hot  or  very  cold  weather  may  be  as  high  as  150 
gallons  per  person  per  day.  When  a  large  fire  occurs  the 
hourly  consumption  for  this  purpose  alone  in  a  fire  district 
of  10  000  people  may  be  at  the  rate  of  175  gallons  per  per- 
son per  day.  In  general  the  maximum  available  hourly 
supply  should  be  from  three  to  four  times  as  great  as  thiit 
of  the  mean  daily  consumption. 

When  water  is  to  be  pumi:)ed  from  a  river  directly  into 
the  pipes,  without  tank  or  rcser\'oir  storage,  the  capacity 
of  the  pumps  should  be  such  that  during  the  occurrence 
of  fires  at  least  three  times  the  mean  daily  consumption 
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f  be  f^imished.  When  a  pump  delivers  water  to  a  dis- 
tributing reser\'oir,  its  capacity  need  Jiot  be  so  high  as  in 
the  case  of  direct  pumping,  for  the  reservoir  storage  L'iiii  he 
drawn  upon  in  case  of  ftre.  When  the  reser\'oir  is  large  the 
pump  capacity  need  be  only  sufticient  to  litt  the  annual 
consumption  during  the  time  when  it  ism  operation.  The 
subject  of  pumping  is  an  extensive  one,  but  it  will  be  briefly 

treated  from  a  hydraulic  standpoint  in  Arts,  187  and  191. 
Gra%'ity  supplies  are  those  furnished  by  impounding  the 
unoll  of  a  watershed  in  a.  reservoir.     As  a:i  example  of  a 
ffeliminary  in\'e5tigation  of  such  it  case^  suppose  a  town 
f  6ooo  people  desires  to  obtain  a  mean  supply  of  joo  gal- 
lons per  person  x*r  day  cir  in  total  i,86  atTe-feet  per  day 
^(Art-  135J.     A  certain  watershed  a  few  miles  from  the 
Blown  has  an  area  of  1410  acres,  and  the  minimum  annual 
■rainfall  is  31  inches,  of  which  15  inches  evaporates.    Tlie 
■available  storage  is  hence  1S80  acre-feet,  or  5.1   acre-feet 
■per  day,  and  accordingly  sufficient  water  can  be  obtained 
for  the  supply  of  tl^e  town  if  storage  capacity  can  be  pro- 
■fvided-     To  estimate  the  cajiEicity  of  the  reservoir,  suppose 
Bthat  in  the  dry  years  August  is  a  wet  month,  so  that  the 
reservoir  may  be  full  at  the  end  of  that  month.     Let  the 
^bepiember  rainfall  be  1.2  inches,  of  which  40  percent  evap- 
orates, and  the  October  rainfiiU  be  0,6  inches,  of  which  30 
percent    evaporates.     Then   during   September   the   maxi- 

I  mum  available  storage  is  84,6  acre-feet-  while  the  consump- 
Iton  is  55.8  acre-feet,  so  that  the  reservoir  is  also  full  al 
the  end  of  that  month.  During  October,  howe^^e^,  the 
available  storage  is  49,3  acre-feet,  while  the  consiunption 
3s  57.7  acre-feet,  and  hence  the  deficiency  of  8,4  acre-feet 
must  be  provided  for  by  storing  the  September  rainfiilL 
^Thc  capacity  of  the  reservoir,  therefore,  must  be  more  tlian 
1.4  acre-feet;  if  it  is  to  be  half-full  at  the  end  of  October, 
its   capacity  must   be   16.8   acre-feet,   or  Hhout   5400000 
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The  above  estimate,  being  based  on  rainfall  and  evapora- 
tion records,  is  liable  to  some  uncertainty,  for  it  has  been 
assumed  that  all  the  rainfall  that  does  not  evaporate  reaches 
the  reservoir.     This  imcertainty  can  be  removed  by  gaging 
the  stream  at  the  place  where  it  is  proposed  to  build  the 
reservoir.     Three  gagings  made  at  high,  medium,  and  very 
low  stages  of  water  will  furnish  data  from  which  a  discharge 
curve  can  be  drawn  (Art.  126),  and  from  this,  in  connection 
with  records  of  the  stages  in  dry  months  of  dry  years,  a 
much  more  reliable  estimate  of  reservoir  capacity  may  be 
made.     For  instance,    suppose   the   September   discharge 
is  found  to  be  i.io  cubic  feet  per  second,  or  65.4  acre-feet, 
and  the  October  discharge  0,75  cubic  feet  per  second,  or 
46.1  acre-feet;   then  it  is  seen  that  the  reservoir  capacity 
should  be  about  40  percent  greater  than  the  previous  esti- 
mate.    After  the  height  of  the  water  level  of  the  reservoir 
is  fixed  the  dimensions  of  its  waste-weir  may  be  computed 
from  Art.  6S,  and  the  size  of  the  main  pipe  line  by  Art.  93; 
for  the  latter  computation  proper  pressures  must  be  assumed 
throughout  the  town,  so  that  ample  head  may  be  provided 
for  fire  contingencies.     When  the  main  divides  into  branches 
the  problem  of  computing  the  diameters  from  the  given 
data  is  indeterminate  (Art.  100),  and  hence  it  will  probably 
he  as  well  to  assume  at  the  outset  the  sizes  of  the  main  and 
its   brandies.     The   velocities  corresponding  to   the  given 
quantities  and  the  assumed  sizes  are  then  computed,  and 
from  these  the  pressure-htads  at  a  number  of  points  are 
found.     If  these  are  not  satisfactory,  other  sizes  are  to  be 
taken  and  the  computation  be  repeated.     The  successful 
design  will  be  that  which  will  furnish  the  required  quantities 
under  proper  pressures  with  the  least  expenditure. 

Prob.  13(i.  Let  the  main  for  the  above  case  be  4  inches  in 
diameter  and  15  000  feet  long,  and  the  fall  he  1  75  feet.  Corn- 
putc  tho  pressure-head  in  the  town  when  the  consumption  is 
150  gallons  per  person  per  day. 


The  meth(xls  of  estimating  the  water  power  that  can  be 
dKi\T^  ]iy  (lamming  a  Ktream  are  similar  to  those  for  water 
supply.  In  the  absence  of  gagings  the  records  of  rainfall 
and  e\'aporation  are  to  be  collected  and  discussed,  but  a 
ivw  ga^ngs  will  give  much  more  definite  information  if 
records  of  water  stages  during  several  years  can  be  had. 
Here  also  the  minimxjm  flow  of  the  stream  must  receive 
rarefij  attention,  particularly  when  the  plant  is  to  generate 
electric  power  for  troUey  and  light  service,  for  the  inter- 
t^piion  of  such  ser\'icc  is  a  serious  public  inconvenience. 
It  lias  frequently  happened,  indeed,  that  a  water-power 
pUnt  built  without  sufhcicnt  investigation  has  proved 
t:nable  to  furnish  sufficient  power  during  dry  seasons,  and 
it  hus  been  necessary  to  install  an  auxiliary  steam  plant 
lo  make  good  the  deficiency. 

Let  H^  be  the  weight  of  water  delivered  per  second  to  a 
hydraulic  motor,  and  h  be  its  effective  head  as  it  enters  the 
nrator,  h  being  due  either  to  pressure  (Art,  11),  or  to  veloc- 
ity  (Art.  22),  or  to  pressure  and  velocity  combined  (Art-  25), 
The  theoretic  energy  per  second  of  this  water  is 

K-Wh  (137), 

and  if  W  be  in  pounds  and  h  in  feet,  the  theoretic  horse- 
power of  the  water  as  it  enters  the  motor  is 

HP  =  Wh/sso  (137), 

and  this  is  the  power  that  can  be  developed  by  a  motor  of 
efficiency  unity.  The  work  k  delivered  by  the  motor  is. 
'liowever,  always  less  than  K  owing  to  losses  in  impact  and 
^riclion,  and  the  liorse-power  hp  of  the  motor  is  less  than 
,JIP.    The  efficiency  of  the  motor  is 

g  =k/K  =^k/Wh         or         e  =Tp/liP  (137), 

Ld  the  value  of  this  for  turbine  wheels  is  usually  about 
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0.75,  that  is,  the  wheel  transforms  into  useful  wt>rk  about 
75  percent  of  the  energy  of  the  water  that  enters  it 

In  designing  a  water-power  plant  it  should  be  the  ^^ 
to  arrange  the  forebays  and  penstocks  which  lead  the  water 
to  the  wheel  so  that  the  losses  in  these  approaches  may 
be  as  small  as  possible.  The  entrance  from  the  head  race 
into  the  forebay,  from  the  forebay  into  the  penstock,  and 
from  the  penstock  to  the  motor,  should  be  smooth  and  well 
rounded ;  sudden  changes  in  cross-section  should  be  avoided, 
and  all  velocities  should  be  low  except  that  af  the  motor. 
If  these  precautions  be  carefully  observed,  the  loss  of  head 
outside  of  the  motor  can  be  made  veiy  small.  Let  H  be 
the  total  head  from  the  water  level  in  the  head  race  to  that 
in  the  tail  race  below  the  motor.  The  total  available  en- 
ergy per  second  is  WH,  and  it  should  be  the  aim  of  the 
designer  to  render  the  losses  of  head  in  the  approaches  as 
small  as  possible  so  that  the  effective  head  h  may  be  as 
nearly  equal  to  H  as  possible.  Neglect  of  these  precautions 
may  render  the  effective  power  less  than  that  estimated. 

The  efficiency  ^,  of  the  approaches  is  the  ratio  of  the 
energy  K  of  the  water  as  it  enters  the  wheel  to  the  maxi- 
mum available  energy  WH,  or  ey=K/WH.  The  efficiency 
E  of  the  entire  plant,  consisting  of  both  approaches  and 
wheel,  is  the  ratio  of  the  work  k  delivered  by  the  wheel  to 
the  energy  \VH,  or 

or,  the  final  efficiency  is  the  product  of  the  separate  effi- 
ciencies. If  the  efficiency  of  the  wheel  be  0.75  and  that 
of  the  approaches  o,g6,  the  efficiency  of  the  plant  as  a 
whole  is  o.73t  or  only  72  percent  of  the  theoretic  energy  is 
utilized-  Usually  the  efficiency  of  the  approaches  can  be 
made  higher  than  96  percent. 

In  making  estimates  for  a  proposed  plant,  the  efficiency 
nf  turbine  wheels  may  be  taken  at  75  percenti  the  effective 
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vork  is  then  o.jsTfVt,  and  accordingly  if  the  wheels  are 
rajuirpd  to  dcUver  the  work  k  per  second,  tjie  approarbes 
are  to  be  so  arranged  that  IVh  shall  not  be  less  tliaii  i.^^k. 
E^xrially  when  tht?  water  supply  is  limitt^d  it  is  importEint 
lomake  all  efBdencies  as  high  as  possible. 

Prob,  137,  A  stream  delivers  goo  cubic  feet  of  water  per 
SKond  to  a  canal  which  terminates  in  a  forebay  where  the 
■iter  level  is  S,i  feet  above  the  tail  race.  The  wheels  deliver 
3J5  hor^e-powers  and  their  efficiency  is  known  Ici  be  75  percent. 
How  much  power  is  lost  in  thjc  forebay  and  penstock? 


Art,  138..  Water  delivered  to  a  Motor 

To  determine  the  efficiency  of  a  hydraulic  motor  by  for- 
mula {137),.  iis  to  be  measured  by  the  methods  of  Art.  140, 
and  A  found  by  Art.  130,  in  order  to  find  the  weight  W 
tliat  passes  through  the  wheel  in  one  second,  there  must 
W  known  the  discharge  per  second  q  and  the  weight  w  of  a 
Mbic  unit  of  water;   then 

Here  w  may  be  found  by  weighing  one  cubic  foot  of  the 
water,  or  when  the  water  contains  few  impurities  its  tem- 
perature may  be  noted    and  the  weight  be  taken  from 
*able  7.     In  approximate  computations  it^  may  lie  taken 
6j,5  pounds  per  cubic  foot.     In  precise  tests  of  motors, 
»we\-cr.  its  actual  \-alue  should  be  ascertained  as  closely 
possible. 

The  measurement  of  the  flow  of  water  through  orifices, 
weirs,  tnbes,  pipes,  and  channels  has  been  so  fully  discussed 
in  the  preceding  chapters,  that  it  only  remains  here  to 
tpention  one  or  two  sjjnple  methods  applicable  to   smaJl 
^Kuantities,  and  to  make  a  few  remarks  regarding  the  sub- 
^fcct  of  leakage.     In  any  particular  case  that  method  of 
^determining  q  is  to  be  selected  which  ftdll  furnish  the  re- 
quired degree  of  precision  with  the  least  expense  C-'Vrt.  125). 


W 


35S 


Wateu  Si  PPL V 


For  a  small  discharge  t 
into  a  tank  of  known   cap 
uniform  honaontal  cross-sect' 
raicly   dotormJntKif   jind   ther 
obser\'ed  in  order  to  find  tl" 
work  will  be  read  by  hook  ga, 
racy  by  neasurements  with  : 
ginning  of  llie  experiment  a 
must  be  in  the  tank  so  that 
taken:    the  water  is  then  a 
between  the  beginning  and  c 
determined  by  a  stop-watch,  • 
time  must  not  be  short,  in  o- 
reading  the  watch  may  not  ai 
read  at  the  close  of  the  test  a 
becomes  quiet,  and  the  diJTerer 
the  depth  which  has  flowed  ii 
The  depth  multiphed  by  the  a: 
the  volume,  and  this  divided 
during  which,  the  flow  occurrec 
second  q. 

If  the  discharge  be  very  st 
weigh  the  water  rather  than  .^  measure  the  depths  and 
cross-sec ti on G.  The  total  weight  divided  by  the  time  offl 
flow  then  gives  directly  the  weight  W.  This  has  the  advan- 
tage of  requiring  no  temperature  observation,  and  is  proba- 
bly the  most  accurate  of  all  methods,  but  tmfortunately 
it  is  not  possible  to  weigh  a  considerable  volume  of  water 
except  at  great  expense. 

When  water  is  furnished  to  a  motor  through  a  small  pipe 
a  common  water  meter  may  often  be  advantageously  used 
to  determine  the  discharge  (Art.  38),  No  water  meter, 
howe\er,  can  be  regarded  as  accurate  until  it  has  been 
tested  by  comparing  the  discharge  as  recorded  by  it  with 
the   actual  discharge  as  determined  by   measurement   or 
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wdghing  in  a  tank.  Such  a  t*?st  furnishes  the  constrtnts  for 
correcting  the  result  fourn]  by  hs  readings,  which  otherwise 
15  liable  lo  be  5  or  la  ptrtenl  in  error. 

The. leakage  whieh  occurs  in  the  flume  or  penstock  before 

tiie  water  reaches  the  wheel  should  not  be  included  in  tlie 

vabe  of   IK,   which   is   usoJ   in    computing   its   efficiency, 

although  it  is  needed  in  order  to  ascertain  the  efficiency  of 

the  entire  plant.     The  manner  of  determining  tlie  airnjunt 

of  leakage  will  vary  with  the  particular  circumstances  of 

the  case  in  hand.     If  it  be  very  small,  it  may  be  caught  in 

pa^  and  directly  weighed.     If  hirge  in  quantity,  the  gates 

whiih  admit  water  to  the  wheel  may  he  closed,  and  the 

leakage  being  then  led  into  the  tail  race  it  may  be  there 

measured  by  a  weir,  or  by  allowing  it  to  collett  in  a  tank. 

TTie  leakage  from  a  vertic»il  penstock  whose  cross-section 

i*  known  may  be  ascertained  by  filhng  it  with  water,  the 

^^'lieel  being  still,  and  then  observing  the  fall  of  the  water 

J^vel  at  regular  inter\'als  of  lime.     In  designing  construe- 

'ions  to  bring  water  to  a  motor,  it  is  best,  of  course,  to 

^»-T^ge  them  so  that  all  leakage  will  be  avoided,  but  this 

rTiaot  often  be  fully  attained,  except  at  gtcat  expense. 


^ 


The  most  L-ommon  metho.1  of  measuring  q  is  by  means  of 

'fteir  placed  in  the  tail  race  below  the  wheel.     This  Juts 

tile  disadvantage  that  ;l  sometimes  lessens  the  fall  which 

^ould  be  otherwise  available,  and  that  often  the  velocity 

of  approiLch  is  high.     It  has,  bowcver,  the  advantage  o£ 

<^heapness  in  construction  and  operation,  and  for  any  con- 

^erable  discharge  appears  to  be  almost  thi-  only  method 

ivhich  is  both  ecoroiriical  and  precise.     If  the  weir  is 

placed  above  the  wheel,  the  leakage  of  the  penstock  must 

be  carefully  ascertained, 

T*rob,  I3S.  A  weir  with  end  contractions  and  r\o  velocity  of 
flLpproat!h  hfls  a  length  f>f  r.33  feet,  and  the  depth  on  the  ^re*t 
is  0.406  feet.     Tlie  same  water  passes  llirough  a  small  turbine 
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under  the  effective   head   10.49  feet.    Compute  the  theoretic 
horse-power. 

Art.  139.     Effective  Head  on  a  Motor 

.  The  total  available  head  H  between  the  surface  of  the 
water  in  the  reservoir  or  head  race  and  that  in  the  lower 
pool  or  tail  race  is  determined  by  niiumig  a  line  of  levels 
from  one  to  the  other.  Permanent  bench  marks  being 
established,  gages  can  then  be  set  in  tbe  head  and  tail  races 
and  graduated  so  that  their  zero  points  will  be  at  some 
datum  below  the  tail-race  level  During  tbe  test  of  a 
wheel  each  gage  is  read  by  an  observer  at  stated  intervals, 
and  the  difference  of  the  readings  gives  the  head  H,  la 
some  cases  it  is  possible  to  have  a  floating  gage  on  the  lower 
level,  the  graJiuated  rod  of  which  is  placed  alongdde  a 
glass  tube  that  communicates  with  the  upper  level;  the 
bead  H  is  then  directly  read  by  noting  the  point  of  the 
graduation  which  coincides  with  the  water  surface  in  the 
tube.  This  device  requires  but  one  observer,  while  the 
former  requires  two;  but  it  is  usually  not  the  cheapest 
arrangement  unless  a  large  number  of  observations  are  to 
be  taken. 

From  this  total  head  H  are  to  be  subtracted  the  losses 
of  head  in  entering  the  forebay  and  penstock,  and  the  loss 
of  head  in  friction  in  the  penstock  itself,  and  these  losses 
may  be  ascertained  by  the  methods  of  Chapters  VIII  and 
IX,     Then 

is  the  effective  head  acting  upon  the  wheeL  In  propeHy 
designed  approaches  the  lost  heads  h'  and  A"  aie  veiy 
small. 

When  water  enters  upon  a  wheel  throu^  «a  odtttt  I 
which  is  controlled  by  a  gate,  losses  of  head  ^^fllft,  J 
which  can  be  estimated  by  the  rules  of  Chapt«!iJ|M^^HM 
If  this  orifice  is  in  the  head  race,  the  1<ks  oft 
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btracLei]    together   ivitli   the  other  losses  from  the  total 

ead  H-    But  if  the  regulating  gates  arc  a  part  of  the  wheel 

tself,  a£  is  the  case  in  a  turbioe,  the  loss  of  head  should  not 

subtracted,  because  it  is  properly  chargeable  to  the  con- 

Etruclion  of  the  wheel,  and  not  to  the  armngementfi  which 

furnish   the   supply   cf   water.      In    ^ny   event   that   heaii 

,hould  be  determined  which  is  to  be  used  in  the  subsequent 

discussions;   if  the  tflicitncy  of  the  fall  is  desired,  the  total 

available  head  is  required;    if  the  efficiency  of  the  motor, 

hat  eflective  head  is  to  be  found  wlxich  acts  directly  upoo 

t  (Art.  139). 

When  water  is  delivered  throxigh  a  nozzle  or  pipe  to  aji 
pulse  wheel,  the  hciid  k  is  not  the  tc>tal  fall,  since  a  large 
of  this  may  be  lost  in  friction  in  the  pipe,  but  is  merely 
the  velocity-head  v^/ig  of  the  issuing  jet.  The  value  of  v 
is  known  when  the  discharge  q  and  the  area  of  the  cross- 
Eection  of  the  stream  have  been  determined,  and 
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n  the  same  manncrwhen  a  stream  flows  in  a  channel  against 
the  vant-s  of  an  undershot  wheel  the  effective  head  is  the 
velocity -headj  and  the  theoretic  energy  is 

If,  however,  the  water  in  pas^ng  through  the  wheel  falls  a 
distance  h^  below  the  mouth  of  the  noizle.  then  the  effective 
head  which  acts  upon  the  wheel  is  given  by 

H 
order  to  fully  utilize  the  fall  k^  it  is  plain  that  the  \vheel 
lid  be  placed  as  near  the  level  of  the  tail  race  a.^  possible. 

Lastlyi  when  water  enters  a  turbine  wheel  through  a 
ipe,  »  ptf "  ^  placed  near  the  wheel  entrance 

i<l  during  the  flow ;   if  this  pre*?- 
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sure-head,  measured  upon  and  from  the  water  level  in  the 
tail  race,  be  called  A,  and  if  the  velocity  in  the  pipe  be  v,  then 

is  the  effective  head  acting  on  the  wheel.  It  is  here  sup- 
posed that  the  turbine  has  a  draft  tube  leading  below  the 
water  level  in  the  tail  race ;  if  this  is  not  the  case,  hj  should 
be  measured  upward  from  the  lowest  part  of  the  exit  orifices. 

Prob.  139.  A  pressure  gage  at  the  entrance  of  a  nozzle  regis- 
ters 1 16  pounds  per  square  inch,  and  the  coefficient  of  velocity 
of  the  nozzle  is  0.9S.  Compute  the  effective  velocity-head  of 
the  issuing  jet. 

Art.  140-     Measurement  op  Effective  Power 

The  effective  work  and  horse-power  delivered  by  a 
water-wheel  or  hydraulic  motor  is  often  required  to  "be 
measured.  Water-power  may  be  sold  by  means  of  the 
weight  IK,  or  quantity  g.  furnished  under  a  certain  head, 
leaving  the  consumer  to  provide  his  own  motor ;  or  it  may 
be  sold  directly  by  the  number  of  horse-power.  In  eilher 
case  tests  must  be  made  from  time  to  time  in  order  to  In- 
sure that  the  quantity  contracted  for  is  actually  delivered 
and  is  not  exceeded.  It  is  also  frequently  required  to  meas- 
ure effective  wtirk  in  order  to  ascertain  the  power  and 
efficiency  of  the  motor,  either  because  the  party  who  buys 
it  lins  bargained  for  a  certain  power  and  efficiency,  or  because 
it  is  dcsir^ihlo  to  know  exactly  what  the  motor  is  doing  in 
order  to  impro\c  if  possible  its  performance. 

The  test  of  a  hydraulic  motor  has  for  its  object:  first, 
the  determination  of  the  effective  energy  and  power; 
second,  the  determination  of  its  efficiency;  and  third, 
the  determination  of  that  speed  which  gives  the  greatest 
power  and  efficiency.  If  the  wheel  be  still,  there  is  do 
power;  if  it  be  revolving  very  fast,  the  water  is  flowinS 
through  it  so  as  to  change  but  little  of  its  energjr 
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and  in  all  cases  there  is  (oimd  a  certain  speed  wln'cli  givts 
lilt  niiixiraum  power  and  efliciency.  To  execute  these  tesis, 
it  is  not  at  aU  necessary  to  know  liow  the  motor  is  con- 
structed or  the  principle  of  its  action,  although  such  knowl- 
edge is  very  valuable,  and  is  in  fact  indispensable,  in  order 
to  enable  the  engineer  to  suggest  methods  by  which  its 
operation  may  bo  improved. 

A  method  in  which,  the  effective  work  of  a  small  motor 
may  be  measured  is  to  compel  it  to  exert  all  its  power  in 
lifting   it   wdght,     I'^or  this   purpose  the  weight    may  be 
attached  to  a  cord  which  is  fastened  to  the  horizontal  axis 
of  ihe  motor,  and  around  which  it  winds  as  the  shaft  re- 
volves.    The  wheel  then  expends  all  its  power  in  lifting 
his  weight  11^,  through  the  height  h^  in  i,  seconds,  and 
he  work  performed  per  second  then  is  k-^WJtJtx^     This 
od  is  rarely  used  in  practice  on  account  of  the  diffi- 
of  measuring  t^  witi^  precision. 
The  usual  methCKl  of  measuring  the  effective  work  of 
hydraulic  motor  is  by  meacs  of  the  friction  brake  or 
power  dynamometer  invented  by  Prony  about   i;So,     In 
Fig-  140  is  illustrated  a  simple 
method  of  applying  tlic  appa- 
jatus  to  a  verticaS  shaft,  the 
diagram   being  a  plan 
the  lower  an  elevation. 
,TJpon   the  vertical  shaft  is  a 
fixed  pulley,  and  against  this 
are  seen  two  rcct'ingukir  pieces 
f  wood  hollowed  so  as  to  fit 
it,  and  connected  by  two  bolts. 
Bv  turning  the  nuts  on  these 
oils  while  the  pulley  is  re- 
olving,  the  friction  can  be 
creased  at  pleasure^  even  so 
to  stop  the  motion ;  iiround 
ese  bolts  between  thP  >  "     '        »vs  two  spiral  springs  (not 
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shown  in  the  diagram)  which  press  the  blocks  outward  when 
the  nuts  are  loosened.  To  one  of  these  blocks  is  attached 
a  cord  which  runs  horizontally  to  a.  small  movable  pulley 
over  which  it  passes,  and  supports  a  scale-pan  in  which 
weights  are  placed.  This  cord  runs  in  a  direction  opposite 
to  the  motion  of  the  shaft,  so  that  when  the  brake  is  tight- 
ened it  is  prevented  from  revolving  by  the  tension  caused 
by  the  weights.  The  direction  of  the  cord  in  the  horizontal 
plane  must  be  such  that  the  perpendicular  let  fall  upon  it 
from  the  center  of  the  shaft,  or  its  lever-arm,  is  constant; 
this  can  be  effected  by  keeping  the  small  pointer  on  the 
brake  at  a  fixed  mark  established  for  that  purpose. 

To  measure  the  work  done  by  the  wheel,  the  shaft  is  dis- 
connected  from  the  machinery  which  it  usually  runs,  and 
allowed  to  revolve,  transfonning  all  its  work  into  heat  by 
the  friction  between  the  revolving  pulley  and  the  brake, 
which  is  kept  stationary  by  tightening  the  nuts,  and  at 
the  same  time  placing  sufficient  weights  in  the  scale-pan  to 
hold  the  pointer  at  the  fixed  mark.  Let  n  be  the  number 
of  revolutions  per  second  as  determined  by  a  counter 
attached  to  the  shaft,  P  the  tension  in  the  cord  which  is 
equal  to  the  weight  of  the  scale-pan  and  its  loads,  /  the  lever- 
ann  of  this  tension  with  respect  to  the  center  of  the  shaft. 
r  the  radius  of  the  pulley,  and  F  the  total  force  of  friction 
between  the  pulley  and  the  brake.  Now  in  one  revolution 
the  force  F  is  overcome  through  the  distance  *jrr,  and  in  « 
revolutions  through  the  distance  2nTn.  Hence  the  effec- 
tive work  done  by  the  wheel  in  one  second  is 

k  '=F .2Jcrn  =2Kn.Fr 

The  force  F  acting  with  the  lever-ann  r  is  exactly  balanced 
by  the  force  P  acting  T\-ith  the  lever-arm  I;  accordingly 
the  moments  Fr  and  PI  are  equal,  and  hence  the  work 
done  by  the  wheel  in  one  second  is 

k-27:nPl  (140), 
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ilf  I'  be  in  poumls  and  /  in  feet,  the  effeclive  horsepower 
|cf  the  wheel  is  given  by 

A/1— 2rMpJ/550 

As  the  numbor  of  revolutions  in  one  second  cannot  be  ac- 
curately lead,  it  is  usual  to  record  the  counter  readings 
every  minute  or  half-minute;  if  N  be  the  number  of  revo- 
lutions  per  minute,  _ 

lit  is  seen  that  this  method  is  independent  of  the  radius  of 
:he  pulley,  which  may  he  of  ariy  convenient  size;  for  a 
small  motor  the  brake  may  be  <:lamped  directly  upon  the 
shaft,  but  for  a  large  one  a,  pulley  of  considerable  size  is 
needed,  and  a  special  arrangement  of  levers  is  used  instead 
f-cf  a  cord. 

The  efficiency  of  the  motor  is  now  found  by  dividing  the 
efiective  work  per  second  by  tlie  theoretic  work  per  sccfjnd. 
Let  K  be  this  theoretic  work,  which,  is  expressed  by  Wh, 
where  \V  and  h  are  determined  by  the  methods  of  Arts> 
138  and  139;   then 

e^kfK^        or         e~Jp/HF 

"The  work  measured  by  the  friction  brake  is  that  dehvered 

at  the  circumference  of  tbe   pulley,  and  does  not  include 

that  power  which  is  required  to  overcome  the  friction  of 

;he  shaft  upon  its  bearings.     The  shaft  or  axis  of  every 

'water  wheel  must  have  at  least  two  bearings,  the  friction 

of  which  consumes  probably  about  2  or  j  percent  of  the 

fcpower-     Tbe  hydraulic  efticieiicy  of  the  wheel,  regarded  as 

■  a  user  of  water,  is  hence  2  or  3  percent  greater  than  tbe 

Itronlputed  value  of  e. 

H       There  are  in  use  various  forms  and  varieties  of  the  fric- 

■tion  brake,  but  they  all  act  upon  the  principle  and  in  the 

manner  above  described.     For  large  wheels  they  are  inside 

of  iron,  and  almost  completely  encircle  the  puKev:   Whilfi 
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a  special  arrangement  of  levers  is  iise<i  to  lift  the  larg^ 
weight  I^*  If  the  work  transformed  into  friction  be  large, 
both  the  brake  and  the  pulley  may  become  hot.  to  prevent, 
which  a  stream  of  cool  water  is  allowed  to  flow  upon  them. 
To  insure  steadiness  of  motion,  it  is  well  that  the  surfaL'& 
of  the  pulley  should  be  lubricated^  which  for  a  wooden- 
brake  is  well  do«e  by  the  use  of  soap.  It  is  important 
that  the  connection  of  the  cord  to  the  brake  shouJd  be 
so  made  that  the  lever-arm  /  increases  when  the  brak^ 
moves  slightly  with  the  wheel:  if  this  is  not  done,  the  wheeL 
will  be  apt  to  cause  the  brake  to  revolve  with  it. 

Prob.  140'''  What  is  the  horse-power  of  a  motor  which  in 
75-5  seconds  lifts  a  weight  of  jio  pounds  through  a  vertical 
height  of  43  feet? 

Proh.  14fWi,  Find  the  power  and  efficiency  of  a  motor  whea 
the  theoretic  energy  is  1.3S  hoT^e-power.  which  makes  6jo  rcvo' 
lutious  per  minute,  the  weight  on  ihe  brake  being  2  pounds  14 
ounces  and  its  kver-ann  i.jj  leet. 
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Art.  141,     Tests  op  TuRBrNS  Wheels 

The  following  descxipiior  of  a  test  of  a  6-inch  E 
turbine  may  ser\e  to  exemplify  the  methods  of  tlie 
ceding  artick^  The  water  w-as  measured  by  a  weir  from 
which  it  ran  into  a  ^^rtical  penstock  15^98  square  feet  in 
horizontal  cross-section .  This  plan  of  having  the  weir 
abo\'e  the  wheel  is  not  a  good  onev  but  it  was  here  adopted 
on  accomit  of  kick  of  room  below  the  turbine.  When  a 
constant  head  was  maintained  in  the  penstock  the  quantity 
of  waier  flowing  through  the  wheel  was  the  same  as  that 
passing  the  vreir;  if.  however,  the  head  in  tlie  penstock 
fell  X  feet  per  minute  the  0ow  through  the  wheel  in  cubic 
feci  per  minuTc  wrts  60/  +  t  s^Sx,  in  which  q  is  the  discharge 
per  secoad  o\-cr  the  weir.    As  the  supply  of  water  was  very 

•  TlmnlfB,  Tr»tM»cttafrt  Attoku  Swiny  UrdmknJ  EqeiiKcrs.  xS8*i, 
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limilpd  tbe  wheel  could  not  be  run  tn  it3  full  capacity. 
The  level  of  water  iii  tbe  penstock  was  read  upon  a  head 
gage  consisting  of  a  glass  tube  behind  which  a  graduflied 
scale  was  fixed,  the  zero  of  which  was  a  little  abo^'e  the 
ftalerlevelin  thetailrace.  The  latter  level  wasreadupona 
fitetl  graduated  scale  having  its  zero  in  the  same  horizontal 
place  as  the  first;  these  readings  were  lience  essentially 
negative.  The  head  upon  the  wheel  b  then  found  by  add- 
ing the  readings  of  the  two  gages. 

The  vertical  shaft  of  the  turbine,  being  about  15  feet 
long,  v&s  supported  by  four  bearings,  and  to  a  small  pulley 
upon  its  upper  end  was  attached  the  friction  dynamometer 
as  described  in  the  last  article.  The  number  of  revolutions 
^  read  from  a  counter  placed  in  the  top  of  this  shaft. 
The  observations  were  taken  at  minute  intervals,  electric 
bells  giving  the  signals,  so  that  precisely  at  the  beginning 
of  each  minute  simultaneous  readings  were  taken  by  ob- 
servers at  the  weir,  at  the  head  gage,  at  the  tail  gage,  and 
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at  tlie  counter,  the  operator  at  the  brake  continually  keep- 
ing it  in  equililsrium  with  the  resisting  weight  in  the  scale- 
p^n  by  slightly  tightening  and  loosening  the  nuts  as  re- 
quired. The  above  shows  notes  of  all  the  obscr\'ation9 
of  two  sets  of  tests,  each  lasting  three  minutes,  the  weight 
in  the  scale-pan  being  different  in  the  two  sets. 
K  The  following  arc  the  results  of  the  computations  made 
"from  the  above  notes  for  each  minute  interval.     The  second 
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column  is  derived  from  formula  (63)^,  using  the  coefficient 
corresponding  to  the  given  length  of  weir  and  depth  on 
crest.  The  third  column  is  obtained  by  taking  the  diifef' 
ences  of  the  observed  readings  of  the  penstock  head  gage. 
The  fourth  column  gives  the  discharge  Q  through  the  wheel 

cJ7«t  P^!^^  cKL    yS!f''    f"!^:°*  f"?"°f     ^L 
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PcrCcUt 


17"*  to  iS'°      5&    49     +0.08       59-77        11.41        i.290       O.4J3        33,6 

18  to  19         5S,66      +0.04      5930        ",36        1.^74       0.426        33.4 

19  to  10         58,49      +0.03      58.97        11-31        1.262        0-433        34-3 

ajintoa^"  5S.05  +0.13  60.13  ,  '0,95  1,245  0,^7  35  I 
33  1024  58,05  +0.07  5917  10. 56  1.21S  0.441  36.3 
24     to  25         57SS      +0.03      38. 68        10. So        I .  igS       0.437        365 

found  as  above  explained.  The  fifth  column  is  the  mean 
head  h  on  the  wheel  during  the  minute,  as  derived  from 
the  observed  readings  of  head  and  tail  gage.  The  sixth 
column  is  found  by  formula  (137),.  using  for  W  its  value 
-^TvQ,  in  which  w  is  taken  at  62.4  pounds  per  cubic  foot. 
The  seventh  column  is  computed  from  formula  (140),; 
and  the  last  column  is  foimd  by  dividing  the  numbers  in 
the  seventh  by  those  in  the  sixth  colimm. 

These  results  show  that  the  mean  efficiency  of  the  wheel 
and  shaft  under  the  conditions  stated  was  about  ^$  percent; 
this  low  fij^re  being  due  to  the  circumstance  that  the  gate 
was  not  fully  opi'ncd.  It  is  also  seen  that  the  mean  efh- 
ciency  of  the  second  set  is  2.2  percent  greater  than  that  of 
the  first  pet;  this  is  due  to  the  lower  speed,  and  witli  still 
lower  speeds  the  efficiency  was  found  to  be  lower,  so  that 
a  speed  of  about  535  revolutions  per  minute  gives  the 
maximum  efficiency. 

The  work  of  Prn.nci5  on  the  experiments  made  by  him  at 
Lowell,  Mass,,  will  ahv'a\'s  be  a  classic  in  American  hv- 
draulic  litera.ture,  for  the  methods  therein  developed  fir 
measuring    the    theoretic   power   of  a  waterfall,    and   the 
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effective  po%^-er  utilized  by  the  wheel,  are  models  of  carefvjl 
and  precise  experinientaiifjn.*     In  determining  the  speed 
of  the  wheel  he  used  a  method  somewhat  different  from 
that  above  explained,  namtdyj  thu  eountcr  attached  to  the 
shaft  was  connected  with  a  bell  wliich  struck  at  the  com- 
pletion of  every  50  revolutions;  the  observer  tit  the  counter 
liadtheil  only  to  keep  his  eye  upon  the  watch,  and  to  note 
the  time   at    certain   designated   intervals— say   at    every 
fiiith  stroke  of  the  belL     The  number  of  revolutions  per 
second  was  then  obtained  by  dividing  the  number  of  revo- 
JutioTis  in  the  interval  by  the  number  of  seconds,  as  deter- 
mined by  the  watch-     This  method  requires  a  stop-watch 
in  order  to  do  good  work,   unJess   the  observer   be   very 
experienced,  as  an  error  of  one  second  in  an  interval  of  one 
minute  amounts  to  1.7  perc-ent. 

At  Holyoke.  Mass  .  there  is  a  permanent  flume  for  test- 
ing turbines  arranged  with  a  weir  which  can  be  varied  up 
|to  lengths  of  20  feet,  so  as  to  test  the  largest  wheels  wh^ch 
constructed-  As  the  expense  of  fitting  up  the  appa- 
fctus  for  testing  a  large  turbine  at  the  place  where  it  is  to 
used  is  often  great,  it  is  sometimes  required  in  contracts 
;hat  the  wheel  shall  be  sent  to  a  place  where  a  special  outfit 
for  such  work  exists.  The  wheel  is  mounted  in  the  testinE" 
flume,  and  there,  by  the  methods  explained  in  the  preced- 
ing articles,  it  is  run  at  different  speeds  in  order  to  deter- 
Hrnine  the  speed  which  gives  the  maximum  efficiency  as  well 
fls  the  effective  power  developed  at  each  speed.  As  the 
efficiency  of  a  turbine  varies  greatly  with  the  position  of 
the  gate  which  admits  the  water  to  it,  tests  are  made  with 
Kthc  gate  fully  opened  and,al  various  partial  openings.  The 
results  thus  obtained  arc  not  only  valuable  in  furnishing 
full  informiition  cunceniin^'  the  effective  power  and  efh- 
^ncy  of  the  wheel,  but^  they  also  convert  the  turbine  into 
water  meter,  so  that  when  running  under  the  same  head 

*  Lowdl  Hydraulic  Expcrimcnla,  isl  Edition.  1S55;  4^  l&Sji 
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as  during  the  tests  the  quantity  of  water  which  passes 

through  it  caji  at  any  time  be  closely  ascertained. 

The  following  gives  the  results  of  tlie  tests  of  an  do-inch 
outward-'flow  Boyden  turbine,  made  at  Holyoke  in  18S5, 
the  gale  being  fully  opened  in  each  expeiiment.  The  heads 
in  the  second  colimm  were  derived  from  the  bead  and  tail 
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race  gages»  these  being  arranged  so  that  one  observer  could 
directly  read  the  difference.  The  numbers  in  the  third 
coliunn  were  found  by  dividing  the  total  number  of  revo- 
lutions during  the  experiment  by  its  length  in  minutes; 
those  in  the  fourth  by  the  weir  formula  (63) ;  those  in  the 
fifth  by  (140)afrom  the  records  of  the  friction  dynamometer; 
and  those  in  the  last  column  were  computed  by  (137),.  It 
is  seen  that  the  discharge  always  increased  with  the  speed 
of  the  wheel,  and  the  reason  for  this  is  explained  in  Art.  166. 
The  maximum  efficiency  of  76-6  percent  occurred  at  70 
revolutions  per  minute;  and  for  100  revolutions  per  minute 
the  efficiency  was  lowered  to  67.5  percent,  notwithstanding 
that  the  quantity  of  water  passing  through  the  wheel  was 
much  greater, 

Prob.  14lo.  Compute  the  theoretic  horse-power  and  the  effi- 
ciency for  the  above  experiments,  Nos.  15  and  21,  on  the  large 
Boyden  outward-flow  turbine. 

prob.  14lt.  Compute  the  discharge  over  the  weir,  the  flow 
through  the  -wheel,  the  theoretic  and  effective  horee-power, 
and  the  efficiency  for  the  tests  of  the  above  small  Eureka 
turbine  for  the  interval  from  3.^4  to  3.35  p.m. 
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Art.  142h     Facts  concerning  Water  Power 

The  number  of  horse-powers  generated  by  water  wheels 
id  lurbines  and  used  in  TnanufactLiring  establishments  in 
^the  United  States  was  i  ijo  431  in  1870,  1  535  379  in  1880, 
I  263  34,^  in  i8go,  and  i  727  ^58  in  igoo.  Those  figures 
do  not  include  the  electric  power  derived  from  water,  which 
in  3900  w^as  probably  nearly  j  000  000  horse-powers.  Since 
iSyo  there  has  been  n  liirge  development  of  water  power  in 
connection  with  electric  light  and  trolley  ser\ice,  and  Lliis 
de^'elopment  promises  to  attain  great  proportions  during 
the  twentieth  century.  It  has  been  estimated  that  the 
rivers  nf  the  XTniLed  Stales  can  furnish  about  ?ao  000  000 
Horse-powers*  so  that  the  possibilities  for  the  future  are 
almost  unlimited,  and  when  coal  becomes  very  higb  in  price 
water  ts  sure  to  take  the  place  of  steam. 

Water  power  is  sometimes  sold  by  what  is  called  the 
l"mill  power,*'  which  may  be  roughly  supposed  lo  be  such 
i&  quantity  as  the  average  mill  requires,  but  which  in  any 
particular  case  must  be  defined  by  a  certain  quantity  of 
%vater  under  a  given  head.     Thus  at  Lowell  the  mill  power 
Js  30  cubic  feet  per  second  under  a  head  of  25  feet,  which 
lis  equivalent  to  S5.2  theoretic  hiirae-power.     At  Mimieayiolis 
it  is  30  cubic  feet  per  second  under  23  feet  head,  or  75  theo- 
retic horse-pcwer.     At  Holyoke  it  is  38  cubic  feet  per  second 
ider  ao  feet  head,  or  86.4  theoretic  horse-power     This 
seems  an  excellent  way  to  measure  power  when  it  is  to  be 
sold  or  rented,  as  the  head  in  any  particular  instance  h  not 
Lfiubjf^t  to  much  variation;    or  if  so  liable,  arrangements 
^■must  be  adopted  for  keeping  it  nearly  constantj  in  order 
Hthat  the  machinery  in  the  mill  may  be  run  at  a  tolerably 
^imifonn  rate  of  speed.     Thus  nothing  remains  for  the  water 
company  to  measure  eKcc^jl  the  water  used  by  the  -con- 
Bumer.     The  latter  furnishes  his  own  motor,  and  '^ 
interested  in  securing  one  of  high  efRciew 
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derive  the  greatest  power  from  tlie  water  for  which  he  piivs. 
The  perfection  of  American  turhmes  is  undoubtedly  large3y 
due  to  this  method  of  sellhig  power,  and  the  consequent 
desire  of  the  mill  owners  to  limit  their  expenditure  of  water. 
The  turbine  itself  when  tested  and  rated  becomes  a  meter 
by  which  the  company  cun  nt  any  time  determine  the  quan- 
tity of  water  that  passes  through  it<  M 

A  common  method  of  selling  the  power  whicli  is  gen- 
erated by  turbines  is  by  the  nominal  horse-power  of  the 
wht^cl  as  stated  in  the  catalog  of  the  manufacturer.  The 
seller  fixes  a  price  per  annum  for  one  horse-power  on  this 
basis,  and  the  buyer  furnishes  his  own  wheel.  By  this 
method  no  controversy  can  arise  regarding  the  amount 
of  water  used,  for  the  purchaser  has  the  right  to  use  all 
that  can  pass  through  the  turbine.  This  method  cannot 
be  used  for  other  kinJs  of  wheeK  because  the  gates  that 
regulate  the  flow  of  water  through  the  motor  is  not  a  part  _ 
of  the  motor  itself.  f 

The  power  of  electric  generators  is  usually  expressed 
in  kilowatts.  One  English  horse-power  is  0,746  kilowatts, 
and  one  metric  horse-power  is  0,736  kilowatts-  One  kilo- 
watt is  :-340  English  horse-powers  or  1-360  metric  horse- 
powers. The  efficiency  of  a  good  electric  generator  is  about 
05  percent,  so  that  it  delivers  95  percent  of  the  work  im- 
parted] to  it  by  the  turbme  wheel;  if  the  efficiency  of  this 
wheel  be  7  5  percent,  the  combined  efficiency  of  the  hydraulic  I 
and  electric  plant  is  71  percent.  Electric  power  is  often 
sold  by  the  kilowatt-hour,  this  being  measured  by  a  watl^ 
meter. 

In  Art.  173  will  be  found  an  account  of  the  power  devel- 
opment at  Niagara  Falls  by  one  company,  its  plant  of 
105  000  electrical  horse-power  being  completed  at  the  close 
of  ipo^.  The  mean  discharge  of  the  Niagara  River  is  about 
aSoooo  cubic  feet  per  second,  and  the  fall  obtainable  by  the 
use  of  turbines  is  about  145  feet.     If  only  two-Uiirds  of  the 
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poner  due  to  these  quantities  can  be  electrically  developed, 

the  number  of  horse- powers  obtainable  is  nearly  3!  millions. 

U  the  pkns  of  other  companies  are  carried  out,  about 

50c  000  hoT^e-powcrs  will  prob^tbly  be  generated  at  those 

gitat  (alls  by  the  year  iqio.     If  this  process  of  power  de^ 

velopment  is  continued  during  the  following  years,  a  great 

dimiaution  in  the  quantity  of  water  passing  over  the  falls 

will  result, 

tThe  available  power  of  natural  waterfalls  is  v^ery  great. 
but  it  is  probably  exceeded  by  that  which  can  be  derived 
from  the  tides  and  waves  of  the  ocean.  Twice  every  day, 
under  the  attraction  of  the  sun  and  moon,  an  immense 
ueight  of  water  is  lifted,  and  it  is  theoretica,Uy  possible  to 
^derive  from  this  a  power  due  to  its  weight  and  lift.  Con- 
■tinually  along  every  ocean  beach  the  waves  dash  in  roar 
and  foam,  and  energy  is  ft-asted  in  heat  which  by  some 
device  might  be  utilized  in  power.  The  expense  of  deriv- 
ing power  from  these  sources  is  indeed  greater  than  that 
of  the  water  wheel  under  a  natural  fall,  but  the  time  may 
come  when  the  profit  wUl  exceed  the  expense,  and  then  it 
will  certainly  be  done.  Coal  and  wood  and  oil  may  become 
exhausted,  but  as  long  as  the  force  of  gravitation  exists, 
and  the  ocean  remains  upon  which  it  can  act^  power,  heat. 
and  light  can  be  generated  in  unLimited  quantities. 

Pfob.  142a.  Deduce  the  aimple  and  useful  rule  that  one 
etibic  foot  per  second  of  runoff  is  very  closely  equivalent  to  two 
acre-feet  per  day. 

Prob,  H2t-  Find  the  theoretic  horse-power  of  ^  plant  where 
noo  cubic  feet  of  water  per  secrjnd  is  used  under  a  total  head 
of  49. s  f^'  If  'h^  eEhciency  of  the  approaches  is  95  percent, 
the  effieienry  of  the  turbines  76  percent,  and  the  efficiency  of 
the  dyniimos  9G  percent,  what  power  in  kiluwatls  i*  delivered  J* 

Prob.  HSr.  What  is  the  theoretic  metric  horse-power  of  a 
plant  where  1  x  2  cubic  meters  of  water  per  second  are  used  under 
Sk  bead  of  ajs  melersj'     I(  the  efficieni;^ie&  of  the  approarhes. 
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tnriireff.  amf  fin  La  p.if  >jmn  sc  ^tf-^,  r-t^  Aai 97.5  penxn^ 

G^ezEff^  and  aju  ^foe  pcw^  3l  kniiwaa. 

Prtih.  L-tH  WTid  i  gj^iTw  ^  asni  tiy-  4  &s:tioa  dyos' 

rf^TTCf^  -J  A  ijsasnz  xctu±ed  ::;:}  ^h«  ffif^im*  wtbea  the  eJt 

Pr^G.  I-C^.  T^  oectorc^ineca'  ^  &  cpnvcnigni;  mat  ibr  (» 

sippt7  vork.  She*  that  <jae  !bKnR-czms-  b  10  <ioo  colac 
tzuteci.  5hcw  that  loc  coicizieDas  ot  rsinAlI  per  xnooth  Bi 
Tuy  ncarij,  o-oc^  .^zhK  ^zn^t^ts  r«;  seo^mf  per  hnrtazv. 
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CHAPTER  XII 


DYNAMIC  PRESSURE  OF  WATER 


Art.  143.     Definitions  and  Principles 

The  pressures  exerted  by  mo^'ing  water  against  surfaces 

ch  change  its  (iirectioii  or  check  its  velocity  are  called 
lyimmic,  and  they  follow  very  different  laws  from  those 
ttdch  govern  the  stvitic  pressures  that  have  beeii  discussed 
ftd  used  in.  the  preceding  chapters.     A  static  pressure  due 

^  certain  head  may  cause  a  jet  to  issue  from  an  onfice; 

this  jet  inimpingingupon  a  surf;tce  may  cause  a  dynamic 
ure  less  llian,  equal  to,  or  greater  than  that  due  to  the 
A  static  pressure  at  a  given  point  m  a  mass  of  water 
I  otejted  ^vith  equal  intensity  in  all  directions;  but  a 
wnamic  pressure  is  exerted  in  dilTerent  directions  with 
ferent  intensities.  In  the  following  chapters  the  words 
l^tic  and  dynamic  will  generally  be  prefixed  to  the  word 
^^ssure,  so  that  no  intellectual  confusion  may  result. 

f  The  dynamic  pressure  exerted  by  a  stream  flowing  with 
given  velocity  against  a  surface  at  rest  is  evidently  equal 
that  produced  when  the  surface  moves  in  still  water  with 
E  same  velocity.  This  principle  was  applied  in  Art,  40 
rating  the  current  meter,  the  vanes  of  which  move  under 
E  impulse  of  the  impinging  water.  The  dynamic  pressure 
^rted  upon  a  moving  body  by  a  flowing  stream  depends 

rn  the  velocity  of  the  body  relative  to  the  stream, 
the  '^impulse"  of  a  jet  or  stream  of  water  is  defined  as 
trie  <l)Tiamic  pressure  which  it  is  capable  of  producing  in  the 
tion  of  its  motion  when  its  velocity  is  entirely  destroyed 
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in  that  direction.  Tliis  can  be  done  by  deflecting  the  jet 
TKfrmally  sidewise  by  a  fixed  surface;  it  the  surface  is 
smCMHth,  so  that  no  energy  is  lost  in  frictional  resistances, 
the  actual  velocity  remains  unaltered,  but  the  velocity  in 
the  original  direction  hns  Ijecn  rendered  null.  In  Art,  29 
it  is  proved  that  the  theoretic  force  of  impulse  of  a  stream 
of  eross-section  a  and  velocity  v  is 


g     ^g        ^g 


(H3) 
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in  which  W  and  q  are  the  weight  and  volume  delivered  per 
second,  and  w  is  the  weight  of  one  cubic  unit  of  water.  This 
equation  shows  that  the  dynamic  pressure  that  may  be  pro- 
duced by  impulse  is  equal  Lo  the  static  pressure  due  to  twice 

the  head  corresponding  to  the  x-eloc- 
ity  V.  It  would  then  be  expiected. 
that  if  two  equal  orifices  or  tubes  be 
placed  exactly  opposite,  as  in  Fig. 
l^a,  and  a  loose  plate  be  placed  ver- 
tically against  one  of  them,  that  the 
dynamic  pressure  upon  the  plate 
ctiuacd  by  the  impulse  of  the  jet 
issuing  from  A  under  the  head  /* 
would  balance  the  static  pressure  caused  by  the  head  ih^ 
This  conclusion  has  been  confirmed  by  experiment,  when 
the  tube  A  has  a  smooth  inner  surface  and  rounded  inner 
edges  so  that  its  coefficient  of  discharge  is  unity. 

The  reaction  of  a  jet  or  stream  is  the  backward  dynamic 
pressujCj  in  the  line  of  its  motion,  which  is  exerted  against 
a  vessel  out  of  which  it  issues,  or  against  a  surface  away 
from  which  it  moves.  This  is  equal  and  opposite  to  the 
impulse,  and  the  equation  above  given,  expresses  its  value 
and  the  laws  which  govern  it.  The  expression  for  the 
reaction  or  impulse  F  in  (1433  may  be  also  proved  as  fol- 
lows: The  definition  by  which  forces  are  compared  with 
each  other  is,  that  forces  are  proporlional  to  the  accelera- 
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ticm  which  Ihey  can  prcxiuce.  The  weight  IF  if  allowed 
to  fall  acquires  the  accekraLion  g;  the  force  F  which  can 
produce  the  acceleration  v  is  hence  related  to  H"  and  g  by 
the  equation  F/\V  =v/e.  anJ  acconlingly  F  "W .v/g. 

The  foTTces  of  impulse  and  reuction  do  not  really  exist 
Id  a  sireaoi  flowing  uilh  constant  velocity  and  direclioo, 
but  F  indicates  the  force  that  was  exerted  in  putting  the 
stream  into  motion  and  the  force  that  is  required  to  stop 
it.      If  the  direction  of  the  stream  be  changed  by  opposing 
obstacles,  the  impulse  and  reaction  produce  dynamic  prcs- 
if  in  making  this  change  tbe  absolute  velocity  is 
retarded,    energy   is   converted    into   work.      Impulse   and 
reaction  are  of  no  practical  value,  except  in  so  far  as  the 
resulting  dynamic  pressures  may  be  utilized  for  the  jiro- 
duction  of  work.      For  this  purjiose  water  is  made  to  im- 
pinge upon  moving  vares,   which  alter  both  its  direction 
and  velocity^  thus  producing  a  dynamic  pressure  P,  which 
o^'ercomes  in  each  second  an  equal  resisting  forc-e  through 
the  apace  a.     The  work  done  per  second  is  then  k  "Pu,  and 
it  is  the  object  in  desl^ung  a  hydraulic  motor  to  make  this 
work  as  large  as  pos&iblc ;   for  this  purpuse  the  most  advan- 
tageous \'alues  of  P  and  k  arc  to  be  selected. 

The  word   "impact"   is  sometimes  popularly  use<i  to 
ale  impulse  or  pressure,  but  in  hydraulics  it  refers 
those  cases  where  enc^rgy  is  lo^t  in  cdilics  and  foam,  as 
hen  a  jet  impinges  into  water  or  upon  a  rough  plane  sur- 
Impact  is  [;iot  defined  in  algebraic  terms,   but  the 
energy  lost  in  impact  may  be  so  defined  and  computed- 
When  the  energy  of  a  stream  of  water  is  to  Y>e  utili^ed^ 
losses  due  to  impact  should  he  avoirled.     Whenever  im- 
t  occurs  kinetic  energy  is  transformed  into  heat. 
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Prob.  143.  IE  a  jet  is  erne  ineh  in  dLa-meter*  how  many  gallons 
per  second  must  it  deliver  in  order  that  its  impulse  may  be  loo 
ounds? 
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Art.  144,     Experimrxts  on  Impulse  and  Reaction 

A  simple  device  by  which  tlie  dynamic  pressure  P  exerted 
upon  n  surface  by  the  impulse  and  reaction  of  a  jet  that 
glides  over  it  can  be  directly  weighed  is  shown  in  Fig.  144a. 

It  consists  merely  of  a  bent  lever 
supporter!  mi  a  pivot  at  0,  and 
hiiving  a  plate  A  attached  at 
the  lower  end  of  the  vertical  arm 
upon  whicli  the  stream  impinges, 
while  we^hts  applied  at  the  end 
of  the  other  arm  measure  the 
dynamic  pressure  produced  by 
the  impulse.  By  means  of  an  apparatus  of  [his  nature, 
csperimt'nts  ]iave  been  made  by  Bidone.  Weisbach^  and 
others,  the  results  of  which  will  now  be  stated. 

When  the  surface  upon  which  the  stream  impinges  is  a 
plane  normal  to  the  direction  of  the  stream,  as  sho\ni  at  A , 
the  dynamic  prcssuiv  P  closely  agrees  witli  tUat  given  by 
the  theoretic  formula  for  F  in  the  last  article,  namely. 


Fjc, 144a 


( 


2TtV^ 


H 


(144) 


being  about  a  percent  greater  according  to  Bidnne,  and 
about  4  percent  less  according  to  Weisbach.  The  actual 
value  of  F  was  found  to  vary  somewhat  svith  the  siiw  of 
the  plate,  and  with  its  distance  from  the  end  of  the  tube 
from  wliich  the  jet  issued. 

When  the  surface  upon  which  the  stream  impinges  is 
curved^asat  B,  or  so  arranged  that  the  water  is  turned  back- 
ward from  the  surface,  the  value  of  the  dynamic  pressure 
P  was  found  to  be  always  greater  than  the  tlieoretic  value, 
and  that  it  increa^^ed  with  the  amount  of  backward  incli- 
nation. When  a  complete  reversal  of  the  original  direction 
of  the  water  was  obtained,  as  at  C,  it  was  found  tliat  P.  as 
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measured  by  the  weights,  was  nearly  double  the  vslue  ot 
tlTai  against  Ibu  pkn^.  Tliis  is  explaint-d  by  stating  that 
^  long  as  the  direction  of  the  flow  is  toward  tlie  surface 
thp  Jynamic  pressure  of  its  impulse  is  exerted  ujhjti  it; 
ivhtn  the  water  Hows  backwiinl  away  from  the  surface 
the  dynamic  pressure  due  to  tx^th  impulse  and  reaction 
is  esened  upon  it.     Tlie  sum  of  these  is 


Fig,  1446 
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which  agrees  with  the  results  experimentally  obtained. 

An  experiment  by  Morosi*  shows  clearly  that  the  dy- 
namic pressure  against  a  surface  may  be  increased  still 
further  by  the  device  shown  in  Fig.  lAib.  where  the  stream 
is  made  to  perform  two  complete  reversals  upon  the  sur- 
face. He  found  that  in  this  case  the  value 
of  the  dynamic  pressure  was  3.3a  times  as 
gi^at  as  that  against  a  plane,  for  P=^.s2F, 
whereas  theoretically  the  3.33  should  be  4,  la 
this  case,  as  in  those  preceding,  the  water  in 
passing  over  the  surface  loses  energy  in  fric- 
tion and  foam,  so  th:it  its  velocity  is  dimin- 
ished*  and  it  should  hence  be  expected  that  the  experimental 
values  of  the  dynamic  pressures  would  be  less  than  the  theo- 
retic values,  as  in  general  they  are  found  to  be, 

While  the  experiments  here  briefly  described  thoroughly 
coniinn  the  results  of  ihonry.  they  further  show  it  is  the 
change  in  direction  of  the  velocity  when  in  contact  with  the 
surface  which  produces  the  dynamic  pressure.  If  the  stream 
strikes  normally  against  a  plane,  the  direction  of  its  ve- 
locity is  changed  90'^,  and  this  is  the  same  as  the  entire 
destruction  of  the  velocity  in  its  original  direction,  so  that 
the  dynamic  pressure  P  should  agree  with  the  impulse  F. 
This  importaTit  principle  of  change  in  direction  will  be 
theoretically  exemplified  later. 

*  RiiEUiuan's  UydrtitdLvhaiuk  (Kannaver.  1879),  p.  jSfi. 
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The  dynamic  pressure  which  is  pruduced  by  the  direct 
reaction  of  a  stream  of  water  when  issuing  from  a  vertical 
y\.  oriiice  in  the  side  of  a  vessel  was  moiisured 

'  ^  by  Ewart  with  the  apparatus  shown  in 
Fig.  144c,  which  will  be  readily  under- 
stood ^vithout  a  detailed  description. 
The  discussion  of  these  experiments  made 
by  Weisbach*  shows  that  the  measured 
^p  values  of  P  were  from  2  to  4  percent  less 
Fwi,  I4fc  than  the  theoretic  value  F  as  gi\-en  by 
(144),  so  that  in  this  case  also  theory  and  observation  are 
in  accordance. 

An  experiment  by  Unwiii,t  illustrated  in  Fig.  144J,  13 
ver>'  interesting,  as  it  perliaps  explains  more  clcariv  than 
formula  (143)  why  h  is  that  the  dynamic  pressure  due  to 
impulse  ia  double  the  static  prcs-^^ 
sure.  Two  vessels  having  converg- 
ing tubes  of  equal  size  were  placed 
so  that  the  jet  from  A  was  directed 
ejtactly  into  B.  The  head  in  A 
■was  kept  uniform  at  aoi  inches, 
when  it  was  found  that  the  water  ^^  **** 

in  B  continued  to  rise  until  a  head  of  18  inches  was  reached. 
All  the  water  admitted  into  .4  was  thus  lifted  in  B  by  the 
impulse  of  the  jet,  with  a  loss  of  2^  inches  of  head,  vhich 
was  caused  by  foam  and  friction.  If  such  losses  could  be 
entirely  avoideti,  the  water  in  B  miglit  be  ntiscd  to  the  same 
level  as  that  in  ^4.  In  the  case  shown  in  the  figure  where 
the  water  overflows  from  B,  the  impulse  of  the  jet  has  not 
only  to  overcome  the  static  pressure  due  to  the  head  h,  but 
also  to  furnish  the  dynamic  pressure  equi^-a!?nt  to  a  second 
head  h  in  order  to  raise  the  water  through  that  height. 
But  the  level  in  B  can  never  riSc  higher  than  in  -4,  for  the 
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■  Thcoiplical  Mctbanics,  Cojct'»  trtiti^kfion,  vtJ,  1,  p.  1004, 
t  Hocyclopadia  BdUumica,  glh  Edition,  vol,  12,  p,  4O7* 
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Teloctty-head  of  the  jeL  cannot  be  greaterthan  that  of  the 
Static  head  which  generates  it. 

Prob.  144a.  In  Fig.  144a  the  diameter  of  the  tube  is  i  inch, 
and  ii  delivers  o.j  cubic  feet  per  second.  Compute  the  theoretic 
dynamic  pressure  against  the  plane, 

Prob.  144fr.  Accepting  as  an  experimental  fact  that  the  force 
of  iinpulse  CM-  reaction  is  Joubk  ihe  ritatic  pressure,  show  that 
tile  theoretic  velocity  of  flow  i^  VajjA. 


Art.  145,     Surfaces  at  Rest 

Let  a  jet  of  water  whose  cross-section  is  a  impinge  in 
pem:aneiit  flow  wilh  the  uniform  velocity  v  upon  a  surface 
at  rest.  Let  the  surface  be  smooth,  so  that  no  resisting 
forces  of  friction  exist,  and  let  the  stream  be  prevented  from 
spreading  laterally.  'J'he  water  then  passes  over  the  surface, 
and  leaves  it  with  the  original  velocity  i',  producmg  upon 
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it  a  fl)"namic  f  resKure  whose  value  depends  upon  its  change 
of  direction.  At  B  in  Fig.  145a  the  stream  is  deflected 
normal  to  its  original  direction,  and  at  D  a  complete  rever- 
sal  is  efTected.  Let  0  be  the  angle  between  the  initial  and 
final  directions,  as  shown,  li  3s  required  to  determme  the 
dynamic  pressure  exerted  upon  the  surface  in  the  same 
direction  as  that  of  the  jet.  In  the  above  figures,  as  in 
those  that  follow,  the  stream  is  supposed  to  lie  in  a  honzon- 
Xii\  plane,  so  that  no  acceleration  or  retardation  of  ita 
velocity  will  be  produced  by  gravity. 

The  stream  entering  upon  the  surface  exerts  its  impulse 
F  in  the  same  direction  as  that  of  its  motion;  leaving 
the   surface   it   exerts    its    reaction   F   in    opposite   dircc- 
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tion  to  lliat  of  its  moLion,      Let  P  be  the  dynamic  pressure 

thus  produced  in  the  di- 
rection of  the  initial  mo- 
tion, F]  the  component  of 
IhereactionFin  the  same 
direction.     Then 

P=F-F,-'F(t-c<ysd) 

Fig.  145b 

and  inserting  for  F  its  value  as  given  by  (143). 

which  :s  the  formuJa  for  the  dynamic  pressure  in  the  direc- 
tion of  the  impinging  jet.  If  in  this  fl=o°,  the  slream. 
glides  along  the  surface  without  changing  hs  direction,  and 
F  becomes  zero;  if  y  is  go"^,  the  dynamic  pres;iure  is 


P~F 


V 

W- 


and  if  ^  becomes  iSo**  a  complete  reversal  of  direction  is 
obtained,  and  the  dynamiu  pressure  that  is  exerted  by  the 
jet  against  the  surface  is 

Tliese  theoretic  concliisions  agree  with  the  experimental 
results  described  in  the  last  article.  In  the  deduction  of 
(145J,  the  angle  tf  lias  been  regarded  as  less  than  90°,  but 
the  siime  formula  results  if  0  bo  considered  greater  than 
90*,  since  then  the  sign  of  F^  is  positive. 

The  resultant  dynamic  pressure  exerted  upon  the  sur- 
face is  found  by  combining  by  the  parallelogram  of  forces 
the  impulse  F  and  the  equal  reaction  F.  In  Fig.  1456  it 
is  seen  that  this  resultant  bisects  the  angle  tSo-ff,  and 
that  its  value  is 

F'i-jFcosiCiSo-ffJ-jsinjflJV- 
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It  IS  usually,  however,  more  important  to  ascertain  the  pres- 
siiri'  in  a  given  direction  than  the  result- 
am.  This  can  be  ft»iind  by  taking  the 
iflmponerrt  of  the  resultant  in  that  direc- 
tron.  or  by  taking  the  algebraic  sum  of  the 
tuuiponetits  o£  tho  initial  impulse  and  the  "S^ 
iuial  reaction,  t,  ^ 

To  find  the  dynamic  pressure  P  in  a  ^ 
(direclion  which  makes  an  angle  «  with  ^^'^'  '^^ 

ic  entering  and  the  angle  0  with  the  departing  stream,  the 
components  in  that  direction  are 

and  the  algebraic  sum  of  these  two  components  is 


F  =F(co5a  — cosO)  =  (cosa  -cosff)lV 


(145), 


lis  becomes  equal  to  F  when  a  =q  and  fl=9o'',  as  at  ^  in 
Fig.  I45d,  and  also  when  a  =90°  and^  =  i8o^H  Wlien  a  —  a^ 
and  0  —  iSf>°  the  entering  and  departing  streams  are  parallel, 
as  at  Z^  in  Fig.  145a,  so  that  the  value  of  P  is  sF,  wliich  in 
this  ease  is  the  same  as  the  resultant  pressure. 
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The  formulas  here  detiucetl  are  entirely  independent  of 
the  form  of  ihc  surface^  and  of  the  angle  with  which  the  jet 
enters  upon  it.  It  is  clear,  however,  if,  as  in  tlie  planes  in 
Fig.  145iT,  this  angle  is  such  as  to  allow  shock  to  occur,  that 
foam  and  changes  In  cross-Section  may  result  whicli  will 
cause  energy  to  be  dissipated  in  heat.  Those  losses  will 
diminish  the  velocity  v  and  decrease  the  theoretic  dynamic 
pfipssure.  These  effects  cannot  be  formulated,  but  it  is  a 
general  principle,  which  is  confirmed  by  experiment,  that 
they  may  be  largely  avoided  by  allowing  the  jet  to  impinge 
tangenliaUy  upon  the  surface. 

^ft      In  aJl  the  foregoing  formulas  the  weight  11^  wliich  im- 
^ftinges  upon  the  surface  per  second  is  the  same  as  that  which 
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issues  from  the  orifice  or  nozzle  that  supplies  the  stream,  or 

To  find  W  ]t  \^  hence  necessary  to  use  the  methods  of  the 
preceding  chapters  to  dcteniiine  either  the  discharge  q  or 
thti  mean  velocity  v. 

Prob,  145,  If  F  is  lo  pounds,  11  =  0°,  and  ^  =  60*^.  show  that 
the  pressure  parallel  to  the  dirocfion  of  the  jet  is  5  pounds,  that 
the  pressure  normal  to  that  direction  is  S.bft  pounds,  and  that 
the  Tcsultant  dynamic  pressure  is  10  pounds. 
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Art,  146.     Immersed  Bodies 

When  a  body  is  immersed  in  a  flowing  stream,  or  whi 

it  is  moved  in  still  water,  so  that  filaments  are  caused  to! 

cliange  their  direction,  a  dynamic  pressure  is  exerted  by^ 

-^^____^-^      ^     -   T^     v-s:==^=;^>.      ^^^     stream 
^^  5i  j^  ;^^^^^^^^^^fe^  overcome  by  iht 

body.  Jt  is  to' 
be  inferred  from 
what  has  prc-J 
ceded  that  the  dynamic  pressure  in  the  direction  of  the 
motion  is  proportional  to  the  force  of  impulse  of  a  stream 
which  has  a  cross-section  equal  to  that  of  the  body,  or 

P—m.wa — 

in  whieh  m  is  a  number  depending  iipon  the  length  and| 
shape  of  the  imtncrscd  portion,  and  whose  value  is  a  for 
jet  impinging  normally  upon  a  plane. 

Experiments  made  upon  small  plates  held  normally  to    , 
the  direction  of  the  fiow  show  that  tlie  value  of  in  lies  be<a 
tween  1.25  and  1.75,  the  best  determinations  being  near  1,4 
and  1.5,      It  is  to  lie  expected  that  the  dynamic  pressure  on, 
a  plate  in  a  stream  would  be  less  than  that  due  to  the  im^ 
pulse  of  a  jet  of  the  same  cross-section,  as  the  filaments  o! 
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water  near  the  outer  etlgea  are  crowded  sideways,  and  hence 
do  not  impinge  with  full  normal  effect,  and  the  above  results 
omfirm  this  supposition.  The  few  experiments  on  record 
ifere  made  with  small  plates,  mostly  less  than  2  square  feet 

ar^a,  and  they  seem  to  indicate  that  »i  is  greater  for  large 

surfaces  than  for  small  ones. 

Tiie  determination  of  the  dynsimic  pressure  upon  the 
end  of  an.  itrmersed  cylinder  or  prism  is  difficult  because 
of  the  resisting  friction  of  the  sides;  but  it  is  well  ascer- 
tained to  be  lei;s  than  that  upon  a  plane  of  the  same  area, 
iind  within  certain  limits  to  decrease  with  the  length.  For 
a  conical  or  wedge-shaped  body  the  dynamic  pressure  is 
less  than  that  upon  the  cylinder,  and  it  is  found  that  it» 
inten^ty  is  much  mtxlificd  by  the  shape  of  the  rear  surface. 


*. 


When  a  body  is  so  shaped  as  to  gradually  deflect  the 
laments  of  water  in  front,  and  to  allow  them  to  gradually 
close  in  again  upon  the  rear,  the  impulse  of  the  front  fila- 
ments upon  the  body  is  balanced  by  the  reaction  of  those  in. 
the  rear,  so  that  the  resultant  dynamic  pressure  is  zero> 
Tlie  forms  of  boats  and  ships  should  be  made  so  as  to  secure 
this  result,  and  then  the  propelling  force  has  only  to  over- 
come the  friclional  resistance  of  the  surface  uporv  the  water. 

The  dynamic  pressure  produced  by  the  impulse  of  ocean 
waves  striking  upon  piers  or  lighthouses  is  often  very  great. 
The  experiments  of  Stevenson  on  Skerryvore  Island,  where 
the  waves  probably  acted  with  greater  force  than  usual, 
showed  that  during  the  summer  months  the  mean  dynamic 
pressure  per  square  foot  was  about  600  pounds,  and  during 
the  winter  months  about  aioo  pounds,  the  rrasimum  ob- 
served ^-aluc  being  6too  pounds.  At  the  Bell  Rock  liglit- 
house  the  greatest  value  observed  was  about  3000  pounds 
Der  square  foot,  The  observations  were  made  by  allow- 
ing the  waves  to  impinge  upon  a  circular  plate  about  6 
inches  in  fliameter,  and  the  pressure  jiroducod  was  regis- 
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tered  by  the  compression  of  a  spring.  Such  Iiigh  unit-pres- 
sures do  not  probably  act  upon,  large  areas  of  masonry 
exposed  to  wave  action.* 

Prob-  146.  Compute  the  probable  dynamic  pressure  upon  a 
aurf.ice  :  foot  s'j^uare  when  imnier^icd  in  a  cmrent  whose  vel<>city 
is  3  feet  per  second,  the  direction  of  tke  ci^rrent  being  normal 
to  the  6uiiace- 


Art.  H7.     Curved  Pipes  anc  Chaknsls 

The  dynamic  pressures  discussed  in  the  preceding  article 
have  been   those   cjiused   by  jets,   or   isolated  slreains,   of 
water.     There  is  now  to  be  considered  the  case  of  dynamic 
pressures  causei.l  by  streams  ilowing  in  pipes,  conduits,  oi 
channels  of  any  kind;    these  are  sometimes  called  limited) 
or  bounded  streams,  llie  boundary  being  the  surface  whosei 
cross-section  is  the  wetted  perimeter.     ^Tien  such  a  streami 
is  straigKt  and  of  iiniform  section,  and  all  its  filaments  move 
with  t!ie  same  velocity  v,  the  impulse,  or  the  pressure  which 
it  can  produce,  i3  the  quantity  F  ^ven  by  the  general  ex- 


pression  m  Art.  143;  under  these  conditions  it  e:certs  nol 
dynamic  pressure^  but  if  a  body  be  immer&ed  and  held, 
stationary,  pressure  is  produced  upon  it.  If  its  dircclioir, 
changes  in  an  elbow  or  bend,  pressure  upon  the  bounding, 
surface  is  produced;  if  its  cross-section  increases  or  dc-| 
creases,  pressure  is  developed  or  absorbed. 

•  Cooper,  OB  Ocean  Waves,  +n   Transactions  Amnicaji   Sudety  of  Civil 
En^ncers,  iSiyi,  vol  36j  p-  15OL 
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The  resultant  dynamic  pressure  P"  upon  a -curved  pipe 
which  runs  full  t.>t  wnti^r  with  tht'  unifdrm  velocity  v  de^ 
penrisupon  the  angle  d  between  the  initial  and  final  direc- 
tions, and  must  he  the  same  as  tli^tt  produced  upon  a  sur- 
face by  an  impinging  jet  which  passes  over  it  without 
clunge  in  velocity.  The  formula  o£  Art.  U5  then  directly 
)lies,  and 

P' -3  sin  iff.F  =  3  sin  iC?  JI- 

a 

0°.  there  is  no  bend,  andP'-o;  if  O^iEo".  the  direc- 

itrm  cf  flow  is  reversed,  and   P' ^^F.     If  the  direction  is 

twice  reversed,  as  at  Tin  Fig  147a,  the  value  of  Pis  360°,  and 

,he  resultant  is  the  initial  impulse  F  minus  the  final  rcac- 

or  P,  or  simply  lero;  :n  this  case,  however,  there  may  be 

couple  which  lends  to  Iwisl  the  pipe,  unless  the  iinpulac 

ntl  reaction  Jie  in  the  same  lijie. 

The  dynamic  pressure  developed  tn  a  unit  of  length  of 
the  cur\^e  will  now  be  found.  Let  the  pipe  at  .4  in  Fig.  147ii 
have  the  length  di,  and  let  0  be  nearly  0°,  so  Ihnt  its  value  is 
the  elementary  angle  SB.  Then  in  the  above  formula.  F' 
Jxjcomes  the  elementary  radial  pressure  3Pi,  and 


^F^  =  3S,^i30.F=Fdd 


Now  since  ^0=SI/R,  where  R  is  the  radius  of  the  curve, 

the  dynamic  pressure  developed  in  the  distance  ^l  is  F&l/R, 

and  that  for  a  unit  of  length  is  F/R,    AccordinglVj  by 

^■Art-  144,  this  pressure  is 


F      HUHIV^ 


le  unit-pressure  f^  is  found  by  dividing  P,  by  a,  and  the 
coirespondtng  head  h^  is  found  by  dividing  f/  by  w\   hence 


and 


the  values  for  one  unit  of  length  oE  the  curve- 
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The  dynamic  pressure-head  hi  h  developed  in  every  unit 
cf  length  of  the  pipe.  It  is  not  kno-ft-n  how  these  influence 
the  statie  pressure  or  how  they  affect  piezometers.  Nor 
is  it  known  whether  they  cotnbine  so  that  the  dynamic 
pressure  becomes  greater  will:  the  distance  from  the  be- 
ginning of  the  curve.  Undoubtt^dly,  however,  a  part  of 
hy  is  expended  in  causing  cross-currents  whereby  impact 
results  and  some  of  the  static  head  is  lost.  This  loss  should 
be  proportional  to  k^  and  proportional  lo  the  length  i  o£ 
the  curve,  or,  if  ii  is  the  diameter  of  the  pipe 


h'" 


d   tv' 


,tv2_ 


in  which  the  curvature  factor  /,  depeinds  upon  the  ratio 
R/d,  This  investigation  appears  to  indicate  that  pipes 
of  the  sj.me  diameter  and  of  different  curva%ures  give  the 
same  loss  of  head,  if  the  central  angle  is  the  same;  but,  as 
seen  in  Art,  87,  certain  experiments  seem  to  point  to  the 
conclusion  that  the  Inss  per  linear  unit  is  greatest  in  the 
pipe  having  the  longest  radius. 

The  same  reasoning  applies  approximately  to  the 
curves  of  conduits,  canals,  and  rivers.  In  any  length  / 
there  exists  a  ra.dial  djiiamic  pressure  Pi,   acting  toward 

the  outer  bank  and  causing 
currents  io  that  direction, 
which,  in  connection  with 
the  greater  velocity  that 
naturally  there  exists,  tends 
to  deepen  the  channel  on 
that  side.  This  may  help 
to  explain  the  reason  why 
rivers  run  in  winding  courses. 
At  first  the  curve  may  be 
slight,  but  the  radial  Row  due  to  the  dynamic  pressure  causes 
the  outer  bank  to  scour  awayi   this  increases  tlie  velocity 
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Vi  and  decreases  v^  (Fig.  147''},  and  this  in  Lum  hastens 
the  scour  on  the  outtir  and  allows  miitcrinl  to  be  deposited 
on  the  inner  side.  Thus  the  process  continues  until  a 
state  of  permaTicncy  is  roachud,  and  thi-n  the  existing 
forces  tend  to  maintain  the  curve.  The  cross-currents 
whi<^h  the  radial  pressure  produces  have  1>een  actually 
s«n  in  experiments  de%'i5ed  by  Thomson,*  and  it  is  found 
thai  they  move  in  the  manner  shown  iii  the  abo\'e  figure, 
the  motion  toward  the  outer  bank  being  in  the  upper  part 
ol  the  section,  wliile  along  the  wetted  perimeter  they  flow 
l^wurd  the  inner  bank,  W^hun  the  slope  i^  small  and  the 
njcan  velocity  low  the  influence  of  the  cross-currents  is 
T^lati^^ely  greater  than  for  higher  slopes,  and  this  is  prob- 
ably one  of  the  reasons  why  the  sharpest  curves  are  found 
in  streams  of  sliglit  slope.  Perhaps  ariDthi^r  reason  for  this 
is  that  at  very  low  velocities  the  law  of  flow  is  Jif^erent, 
the  head  varying  as  the  first  power  of  the  velocity 
[Art,  1161,  and  the  energy  being  expended  in  friction  along' 
the  banks  instead  of  in  impact. 

The  elevation  of  the  water  on  the  outer  bank  of  a  bend 
is  higher  than  on  the  inner.  This  is  only  a  partial  conse- 
quence of  the  radial  dynamic  pressure,  as  in  straight 
streams  it  is  also  seen   that   tlie  water  siirf;ice  ia  ciir\'od, 

I  the  highest  elex-ation  being  where  the  velocity  is  greatest. 
In  this  case  cross-currents  are  also  olreerved  which  move 
J^Jirthe  surface  toward  the  center  of  the  strcamn  and  near 
ibe  bottom  toward  the  banks,  their  moti(.fn  being  due  to 
the  disturbance  of  the  static  pressure  consequent  upon 
the  varying  water  level. 
Prob,  147-  The  mean  velocity  in  ft  pipe  is  9  feft  per  second. 
li  iL  he  laid  on  a  curve  of  j  feet  radius,  show  Chat  the  dyraTric 
pressure-head  for  each  foot  in  length  of  tlie  pipe  is  0,84  feet. 
If  the  radius  of  the  curve  be  6  feet,  what  is  the  dynamic  pressure- 
head?  What  is  the  dynamic  pressure-head  for  each  case  when 
e  mean  velocity  H  3  feet  per  second? 

•  Procc^iJingi  RnyqL  Society  of  London,  tflyS,  p.  3561 
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Art.  148-     ^YATER  IIammbr  in  Pipes 

Wlien  a  valve  in  a  pipe  is  closed  while  the  water  is 
flowing  t!ie  velocity  of  the  water  is  retarded  as  the  valve 
descends  and  thus  a  d>-namic  pressure  is  produced.  When 
the  valve  is  closed  quickly  tliis  dynamic  pressure  may  be 
much  greater  than  that  due  to  the  static  pressure,  and  it 
is  then  called  "water  hammer"  or  "water  ram."  Pipes 
have  often  been  known  to  burst  under  this  cause,  and  hence 
the  determination  of  the  maximum  dynamic  pressure  of 
the  water  hammer  is  a  matter  of  importance.  Fig.  14Sa 
illustrates  the  phenomena  of  water  hammer  for  the  closing 
of  a  valve  at  the  ead  of  a  pipe  where  the  water  issues 
through  a  nozzle.     At  the  entrance  there  is  supposed  to 


,   Hi 
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be  a  gage  which  registers  the  static  unit-pressure  pi.  while 
the  flow  is  in  progress,  and  the  static  unit-pressure  p„  when 
thefe  is  no  flow.  The  abscissas  represent  time,  and  at  B 
the  valve  begins  to  close.  After  a  short  interval  of  time 
BC  the  gage  registers  the  unit-jjressure  Cc;  after  another 
short  interval  the  unit-pressure  has  decreased  10  Dd,  and 
a  series  of  oscillations  follows  until  finally  the  disturbance 
cesses.  A  diagram  of  this  kind  may  be  autographic  all 
drawn  by  suitable  mechanism  connected  with  the  pressure 
gage,  and  such  were  maxle  in  the  experiments  conducte 
by  Carpenter.*  as  also  in  tJiose  of  Flctcher.f 

*  Transaciiona  Amerioin  Sociely  of  MccliaiicJul  Engineer*,  1894,  voL  15, 
p,  150.       t  Engineering  News,  iBgS.  voL  39*  p.  333, 
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Let  P  represent,  the  excess  of  maximum  dynamic  unit- 
pressure  over  the  static  uTiit'pressiJiv  when  there  is  no  flow  i 
thai  is,  the  diSerence  of  the  ordinates  Cc  and  Ee.  This 
is  the  excess  unit-prossure  due  to  the  water  hammer  and 
It  js  required  to  determine  an  expression  for  its  value. 
It  15  first  to  be  noted  that  the  actual  dynamic  unit-pressure 
produced  by  the  retardation  of  the  velocity  is  the  dilTerence 
of  the  ordinates  Cc  and  Bb  and  thii^  difference  is  p  +  po-p,. 
The  dynamic  pressure  on  the  area  a  of  the  cross-section 
of  ilie  pipe  ts  then  (p-\-  pt  —  p\)^t  and  for  brevity  this  may 
be  represented  by  P.  If  this  pressure  be  regarded  as 
^mng  uniformly  from  o  up  to  P  tJuring  the  time  t  in 
whtci;  the  valve  closes,  its  mean  value  is  \P  and  its  total 
impulse  during  this  time  is  \FL  If  f  be  the  length  of  the 
pipe.  Tf  the  weight  of  a  cubic  unit  of  water,  and  v  the  veloc- 
ily  during  the  flow,  the  total  weight  of  water  in  llie  jnpe 
is  ^  and  its  impulse  is  isxtl,v/g^  Equating  these  ex- 
pressions of  the  impulse  there  is  found  P=iiwal/gt,  and 
Tqjlacing  P  by  its  value,  there  resmlts 

P-^^^Pt-p^  (14S), 

as  the  excess  dynamic  unit-pressure  due  to  closing  the  vah-e 
in  the  time  t.  This  formula,  having  been  deduced  with- 
out considering  the  fact  that  time  is  required  for  the  trans- 
TTiission  of  stress  through  water,  cannot  be  regarded  as 
applicable  to  all  cases. 

In  Art.  6  it  was  shown  that  the  velocity  with  which 
any  disturbance  is  propagated  through  water  is  about 
4&70  feet  per  second,  and  this  \'elocity  may  be  represented 
by  w.  Now  let  the  pipe  of  length  I  have  an  open  valve  at 
ihc  end,  and  let  the  water  be  flowtn^  through  every  sec- 
tion with  the  velocity  v.  Then  the  time  l/it  must  elapse 
after  the  valve  begins  to  close 'before  the  velocity  begins 
be  checked  at  the  upper  end  of  the  pipe,  and  the  further 
le  of  t/u  must  elapse  before  the  pressure  due   lo  this 
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retardatioti  can  be  transmitted  back  to  the  valve.  The 
total  lime  2I/U  is  then  required  before  the  gage  at  the 
valve  can  indicate  the  pressure  due  la  the  retardations 
of  the  velocity  in  the  length  /.  Hence,  if  the  time  in  whtch 
the  valve  closes  be  equal  to  or  leas  than  ^i/ti,  the  time  t 
in  the  abovo  formula  ia  to  be  replaced  by  2I/U,  and  thus 


(14S), 


IB  the  maximmn  excess  dynamic  unit-pressure  that  can 
occur  in  the  pipe.  This  depends  upon  the  velocity  of  the 
wa.ter  and  upon  the  initial  and  final  static  pressures. 

The  subject  of  water  hammer  in  pipes  is  one  of  the 
most  difficult  in  hydromechanics,  and  the  above  investi- 
gation cannot  be  regarded  as  final.  Formula  (1481^  is 
probably  correct  only  for  a  certain  law  of  valve  closing. 
Formula  (148),,  however,  is  certainly  correct,  for  it  may 
be  proved  by  other  methods,  one  of  which  is  as  follows: 
When  the  water  is  in  motion  the  kinetic  energy  in  a  length 
81  at  the  gage  is  ivtiBl  v' / 2g'.  when  it  is  brought  to  rest 
tmdcr  the  unit-stress  s  its  stress  energy  is  aSis^/iE,  if  K 
be  the  modulus  of  elasticity  of  the  water.*  Equating 
these  cspressions,  and  substituting  p-\-p\  —  pt  f^^  ^%  the 
results  for  the  excess  dynamic  unit-pressure 


I 


=(?)'" 


+  ^"/'o 


and  this  reduces  to  (148),  if  Ebe replaced  by  wit^/g,  whit 
is  its  value  according  to  formula  (6). 

When  V  is  in  feet  per  second,  and  p^.  pi.  and  p  are 
pounds  jM^r  square  inch,  these  formulas  become 

p-o.o2'jil/t)v^p^-Pa         p-<i3v-\-pi-p^        (148),' 

the  first  of  which    is    tn    be  used  when  I  is  greater  than 

0.CO0428/  and  the  second  %vhen  t  is  equal  lo  or  less  than  il 

*  Mcniman'E  Mn^hanics  uf  Malciinis  (Kpw  Yoii:.  7goO.  p.  )o>. 
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i  bdng  in  feet.     From  the  first  of  these  formulas  the  value 
of  (,  when  p  -o,  is  found  to  be 

Iv 

'^hkh  is  the  time  of  valve  drying  in  order  that  there  m^ 

lie  no  water  Iiammer,      Tor  example,  let  p^  be  83  aiid  p, 

^658  pounds  per  square  inch,  /  be  1903  feet,  and  f  be  5  feet 

per  second,  then  t  is  10,3  seconds-     To  prevent  the  effects 

of  water  hammer  it  is  customary  to  arrange  valves  so  that 

they  ciuinot  be  closed  very  quickly,  and  the  last  formula 

furnishes  the  means  of  estimating  the  time  required  in 

order  that  no  excess  of  dynamic  pressure  over  the  static 

pressure  /?,  may  occur. 

The  elaborate  experiments  of  Joukowslty  at  Moscow  in 
iSgfi*  have  fully  confirTne<i  the  truth  of  formula  (14S^,. 
Horiiootal  pipes  of  a,  4,  and  6  inches  diameter,  with  lengths 
of  2494,  1050,  and  106&  feet,  were  used,  and  the  valve  at 
the  end  was  clos&i  in  0,03  seconds.  Ten  autographic  re- 
cording gages  were  placed  along  the  length  of  a  pipe,  and 
it  was  found  that  substantially  the  same  dynamic  pressure 
was  prodtjccd  at  each,  but  that  the  time  length  of  a  wave 
was  the  shorter  the  further  the  distance  of  a  gage  from  the 
valve;  this  wave  length  is  shown  in  the  abo\'e  figure  by 
the  distance  BD.     The  following  is  a  comparison  of  the 
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observed  values  nf  p  -I-  /*o  -  /'i  for  a  few  ol  these  experiments 
with  the  values  computed  from  631?.  It  is  seen  Uia.t  the 
observed  are  less  than  the  computed  values  except  in  one 

*  SloB  in  Wa«PrldtTing3rnhren,  Sf.  rcTrrflhUTg,  Tpno.     TnmabttiiHi  from 
lb*  Mriniqrs  of  llw  St.  PetetabUTg  Academy  Ol  Scipiict.t. 
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instance,  and  Joukowsky  concludes  thatj  owing  to  the 
iluctK't;  of  Uie  metal  of  tin;  piiK-s,  the  velodly  ii  with  wh 
siress  is  transmitted  in  the  water  is  about  4200  instcati 
4G7Q  feet  per  second-     This  conclusion  may  be  applied 
practice  by  using  sgr  instead  of  t^v  in  (l^S)^. 

If  the  pipe  be  a  compound  one  (Art.  96)  the  above  f* 
muks  also  liold  for  any  t'ross-section,  if  ij  be  the  veloc^**'J 
and 
section; 

the  reservoir.      In  a  sytilem  of  pipes  having  diversions 
branches  (Art.  lOOJ,  it  is  often  difficult  to  tell  what  leixj 
to  use  for  i  in  {148)i-     For  a  hou&e-ser\'ice  pipe  connect' 
with  a  street  main,  I  is  usually  the  length  from  the  valve 


las  also  liold  for  any  cross-section,  if  v  be  the  veloc^*^ 

P„  and  p,  the  sialic  and  hydraulic  pressures  at  tt^^ 

ion;  and  /  be  the  length  of  the  pipe  from  the  valv&     '^ 


J 


■ir 


the  main.  In  computing  the  thickness  of  water  pipes,  it 
is  customary  to  allow  100  pounds  per  square  inch  for  the 
influence  of  w^ter  hammer.  This  is  equivalent,  if  p^  be 
Eero,  to  making  xoo-\-pt  equal  to  63^;  if  u  be  3  feet  per 
second,  p^  is  then  8q  pounds  per  square  inch.  Since  these 
valuus  of  :'  and  p  are  larger  than  the  usual  ones  for  u  city 
water  supply,  the  customary  practice  is  on  the  safe  side  for 
this  casCn  but  for  the  high  velocities  and  pressures  used  for 
conveying  water  to  some  power  pUints  it  would  not  ^ive 
sufficient  seciuity.  When  a  wave  of  dynamic  pressure 
travels  in  a  pipe  to'A'ard  a  closed  end,  the  water  hammer 
at  that  end  may  bo  two  or  three  times  as  great  as  the  maxi- 
mum given  by  the  formula.  Air  chambers  at  the  ends  of 
^pes  slightly  reduce  the  eflccts  of  water  hammer. 

Ppob.  14Sa   The  pressure-head  at  th^  entrance  to  a  nozzle 

is  64.0  feet  when  there  is  ni>  flow  and  73. S  feet  when  the  water 
is  rlowing.     The  pipe  is  1500  feet  ioogand  4  inches  in  diameter. 
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and  ihc  velocity  in  the  pipe  is  4,3  feel  per  second  when  the  valve 
aL  the  noaili?  tntrance  is  open.     Compute  the  excess  dynamic 
limit  pressure  when  the  valw  is  closed  in  oae  Becondj  and  also 
when  it  is  closed  in  0.4  seconds. 

Prob.  14S6.  For  the  data  of  the  last  prohlem,  find  Iht  pres- 
sures due  to  water  hammer  for  the  two  cases  at  a  point  in  the 
pipe  which  is  at  a  distance  x  from  the  valve  (■spl"  Fig,  \4Sb).  if 
the  elevation  of  this  point  below  the  water  level  of  the  reservoir 
is  3  J  feet. 

Art.  149,     Moving  Vanes 

A  vane  is  a  plane  or  curved  siirface  which  moves  in  a 
given  direction  under  the  dynamic  pressure  exerted  hy  an 
impinging  jet  cir  stream.  The  dkectitin  of  the  motion  of 
the  vane  depends  upon  tlic  conditions  of  its  construction: 
for  example,  the  vanes  of  a  water  wheel  can  only  move  in  a 
circimaferenco  around  its  axis.  The  simplest  case  for  con- 
siderationj  however,  is  that  where  the  motion  is  in  a  straight 
line^  and  this  alone  will  be  considered  in  this  article.  The 
plane  of  the  stream  and  vane  is  to  be  taken  as  horizontal, 
so  that  net  direct  action  cf  gravity  can  influence  the  action 
of  the  jet. 

Let  a  jet  with  the  velocity  1;  impinge  upon  a  vane  which 
moves  in  the  same  direction  with  the  velocity  «,  and  let  the 
velocity  of  the  jet  relative  to  the  sur-  -^ 
face  rit  the  point  of  exit  make  an  angle 
/9  with  the  reverse  direction  of  it,  as 
shown  in  Fig-  149i3.  The  velocity  of 
the  stream  relative  tr>  the  surface  ia 
w-ii,  and  the  dynamic  pressure  is  the 
same  as  if  the  surface  were  at  rest  and 
the  stream  moving  with  the  absolute  velocity  v  —  ii.  Hence 
formula  [145),  directly  applieSn  replacing  v  hy  v—u  and  fl 
by  i&d° —p,  and  the  dynamic  pressure  is 


v-u 


P-{i-fcos^)['V 
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In  this  formula  W  is  not  the  weight  of  the  water  irtuch 
issues  from  the  nozzle,  but  that  which  strikes  and  leaves 
the  vane,  or  W  —vm{v—u)\  for  under  the  condition  here 
supposed  the  vane  moves  continually  away  from  the  nozzle, 
and  hence  does  not  receive  all  the  water  which  it  delivers. 

Another  method  of  deducing  the  last  equation  is  as  fol- 
lows :  At  the  point  of  ejdt  let  lines  be  drawn  representing 
the  velocities  v-u  and  u\  then,  completii^  the  parallelo- 
gram, the  line  v^  is  the  absolute  velocity  of  the  departing 
jet  (Art.  30)-  Let  d  be  the  angle  which  v,  makes  with  the 
direction  of  u,  and  J?  as  before  the  angle  between  v  — K  and 
the  reverse  direction  of  «.  Then  the  dynamic  pressure  on 
the  vane  is  that  due  to  the  absolute  impulse  of  the  entering 
and  departing  streams:  the  former  of  these  is  W .v/g  and 
the  latter  is  W  .v^cos,6(g.  Hence  the  resultant  dynamk 
pressure  in  the  direction  of  the  motion  of  the  vane  is  the 
difference  of  these  impulses,  or 

g 
But  from  the  triangle  between  Vy  and  » 

Vx  cosS— w  — (w— w)  cos^ 

Inserting  this,  the  value  of  the  dynamic  pressure  is 

P-Ci  +  cosj9)T7^^^ 

which  is  the  same  as  that  found  before.  If  /9  =  i8o^  there  is 
no  pressure,  and  if  ^  =o^  the  stream  is  completely  reversed, 
and  F  attains  its  maximum  value.  The  dynamic  pressure 
may  be  exerted  with  different  intensities  upon  different 
parts  of  the  vane,  .but  its  total  value  in  the  direction  of  the 
motion  is  that  given  by  the  formula. 

Usually  the  direction  of  the  motion  is  not  the  same  as 
that  of  the  jet.     This  case  is  shown  in  F^.  1496,  where  the 
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iiTDw  marked  F  designates  the  direction  of  the  impinging 
jet,  and  that  marked  P  the  direction  of  the  motion  ol  the 
vane,  a  being  the  angle  be-  \f 

tweea  theni.     The  jet  hav-  ^*^ 

iog  the  velocity  v  impinges 
"pcci  the  vane  at  A,  and  in 
passing   over   it    exerts    a 
dynamic  pressure  P  which 
causes  it  to  move  with  the 
velocity  w.     At  .4  let  lines 
be  drawn  representing  the  Ftg.  I49ft 

intensities  anrl  directions  o£  i'  and  u.  and  let  the  parallelo- 
fiTQra  of  velocities  be  formed  as  shown ;   the  line  V  then  rep- 
resents the  velocity  of  the  water  relative  to  the  vane  at  .4. 
The  stream  passes  over  the  surface  and  leaves  it  at  B  with 
the  same  relative  velocity  V",  if  not  retarded  by  friction  or 
(oam.     At  B  lei  lines  be  drawn  to  represent  u  and  I",  and 
let  ^  be  the  angle  which  V  makes  with  the  reverse  direction 
^  tt;  let  the  parallelogram  be  completed,  g^^i^^g  ^i  f'^r  the 
absobtc  \'elocity  of  the  dcjjarting  water,  and  let  Q  be  the 
angle  which  it  makes  with  tt.     The  total  pressure  in  the 
direction  of  the  motion  is  now  to  Le  regarded  as  that  caused 
by  the  components  in  that  direction  of  the  initial  and  the 
firial  impulse  of  the  water.     The  impulse  of  the  stream 
^fore  striking  the  vane  is  W.v/^  and  its  component  in  the 
flireetion  of  the  motion  is  W  -v  cosa/g-     The  impulse  of  the 
^St-reani  as  it  leaves  the  vane  is  \V .vjg  ajid  its  component 
the  direction  of  the  motion  is  TV  v^  cosO/g,     The  differ- 
CTce  of  these  components  is  the  resultant  dynamic  pressure 
in  the  givert  direction,  or 

[Tlusis  a  general  formula  for  the  dynamic  pressure  in  any 

direction  upon  a  vane  moving  in  a  straight  line,  if 

and  0  be  the  an^'.Ca  between  that  direction  and  those  of 


P  =  W 
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V  and  Vj.      If  tbe  surface  be  at  rest  v  and  Vy  are  equal  and 
the  formula  reduces  t\)  (145)a, 

If  it  be  required  tti  find  the  numerical  value  of  P,  the 
given  data  are  the  velocities  v  and  a  and  the  angles  a 
and  ^.  The  term  ^\  cosi'  is  hence  to  be  expressed  in  terms 
of  these  quantities.  From  the  triangle  at  B  between  v^ 
and  It,  there  is  found 

If,  costf  — u  -  V  cos^ 

Bnd  Eubsl^tuting  this  the  fonnula  becomes 


P  =  W 


V  cosa—u  +  V  cos^ 


which   is   often   a   more   convenient   form   for 
The  value  of  V  is  found  from  the  triangle  at  A 
u  and  V,  thus : 

]/*=«*  +  !'*  — a»T/  coso; 

and  hence  the  dynamic  pressure  P  is  fully  determined  in 
terms  of  the  given  data. 

In  order  that  the  stream  may  enter  tangentially  upon 
the  vane,  lind  thus  prevent  foam,  the  curve  of  the  vane  at  .4 
should  be  tangent  to  the  du"ection  of  V,  This  direction 
can  be  found  by  expressing  the  angle  ^  in  terms  of  the 
given  angle  a.  Thus  from  the  relation  between  the  sides 
and  angles  of  the  triangle  included  between  u,  if,  and  V^ 
there  is  found 

sin  {^  —  a)/sin^=it/v 

which  is  easily  reduced  to  the  form 
cot<^  =  COta  — 


V  SiTia 


from  which  ^  can  be  computed  when  it,  t\  and  a  are  given. 
For  ejcample,  if  w  be  equal  to  i^;  and  if  a  be  30°,  then 
cot  1^  is  0.7.12.  whence  the  angle  ffi  should  be  53}*  in  order 
that  tbe  jet  may  enter  without  impact,     If  the  angle  made 
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by  the  vane  with  the  direction  of  motion  be  greater  or 
less  than  this  value  some  loss  due  to  impact  will  result  at 
the  given  speed. 

Prob-  l4Qit.  Given  K^7o-7  and  v  =  joo.o  fe*t  per  second, 
n=4S'  and  jJ  =  jo*,  Compete  the  dynamic  pressure  P  when 
ihe  quantity  of  water  striking  the  vane  is  o.fi  cubic  feet  per 
second. 

Prob.  149^-  Given  u  =  S6.6  and  r=TO0,o  feet  per  secondj 
flnd  a  =  30".  What  should  be  the  value  of  the  angle  >/'  in  order 
that  00  loss  by  impact  may  occur?     Draw  the  parallelogram 

Iihowing  the  velocities  h,  v.  and  V. 


Art.  150.     Work  Derived  prom  Moving  Vanes 


The  work  imparted  to  a  moving  vane  by  the  energy  of 
the  tnipinging  water  is  equal  to  the  product  of  the  dynamic 
pressure  P,  which  is  exerted  in  the  direction  of  the  motion 
and  the  space  through  which  it  moves.  If  r*  be  the  space 
described  in  one  second,  or  the  velocity  of  the  vane,  the 
work  per  second  is 

k=PH 

This  expression  is  now  to  be  discussed  in  order  to  deter- 
tninethe  value  of  u  wliich  makes  k  a  maximum, 

'When  the  vane  moves  in  a  straight  line  in  the  same 
dirwtion  as  the  impinging  jet  and  the  water  enters  it 
langentially,  as  shown  in  Fig,  l^Sb,  the  work  imparted 
ii  found  by  inserting  for  P  its  value  from  (145)i.  if  a  be 
the  area  erf  the  cTcss-scciion  of  the  jet  and  w  the  weight 
o/a  cubic  unit  of  water,  the  weight  W  iswa{v—'H),  and  then 

value  of  u  which  renders  k  a  maximum  is  obtained  by 
iting  to  zero  the  derivative  of  k  with  respect  to  1*,  or 
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from  which  the  value  of  u  is  it',  and  accordingly 

A^=^(l+COS^)tL'fl- 

is  the  maMnum  work  that  can  be  done  by  the  vane  in  one 
second-     The  theoretic  energy  of  the  impinging  jet  is 


and  the  efficiency  of  the  vane  is  the  mtio  of  the  effective 
work  of  the  vane  to  the  theoretic  energy  of  the  water,  or 

If  j9  -  i8o*^,  the  jet  ghdes  along  Ihe  vane  without  producing 
work  and  e  =o;  if  ^-90°,  the  water  departs  from  the  vane 
normal  to  its  original  direction  and  e=^\  if  ^=0^.  the 
direction  of  the  stream  is  reversed  and  e  =  J*. 

It  appears  from  the  above  that  the  greatest  efficietrcy 
which  can  be  obtained  by  a  vane  moving  in  a  straight  line 
under  the  impulse  of  a  jet  ot  water  is  ^ ;  that  is,  the  effec- 
tive work  is  only  about  S9  percent  of  the  theoretic  enei^' 
attainable.  This  is  due  to  two  causes:  first,  the  quantity 
of  water  which  reaches  and  leaves  the  vane  per  second  is 
less  than  that  furnished  by  the  nozale  or  mouthpiece  from 
which  the  water  issues;  und.  secondly,  the  water  leaving 
the  vane  still  has  an  absolute  velocity  of  iv.  A  \ane 
moving  in  a  straight  line  is  therefore  a  poor  arrangement 
for  utiUzing  enei^%  and  it  will  also  be  seen  upon  reflection 
that  it  would  be  impossible  to  construct  a  motor  in  which 
a  vane  would  move  continually  in  the  same  direction  away 
froin  a  fixed  nozzle.  The  above  discussion  therefore  gives 
but  a  rude  appniximation  to  the  results  obtainable  under 
pi^jctical  conditions.  Il  shows  truly,  however,  that  the 
efficiency  of  a  j^t  which  is  dellecled  normally  from  its  path 
is  but  one-half  of  that  obtainable  when  a  complete  reversal 
of  direction  is  made. 
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Water  wheels  which  act  under  the  impulse  of  a  jet 
OHisisi  of  a  scries  of  vanes  arrargod  ar^junJ  a  drcum- 
f«CTce  which  by  the  motion  are  brought  in  succession 
before  the  jet.  In  this  case  the  quantay  of  water  which 
leaves  the  wheel  per  second  is  the  same  as  that  which  enters 
itn  so  that  W  Joes  not  depend  uii  tli«  velocity  oE  the  vanes, 
as  in  the  preceding  case,  but  is  a  constant  whose  value  is 
'4^,  where  q  is  the  quantity  furnished  per  second.  A  close 
ffilimale  of  tlie  elTiciency  of  a  series  of  such  vanes  can  be 
made  by  considering  a  single  vane  and  taking  W  as  a  con- 
Mant.  The  water  is  supposed  to  impinge  tangentially 
iind  the  vane  to  move  in  the  same  direction  as  the  jet 
IF^.  149a).  Then  the  work  imparted  per  second  by  the 
^nater  to  the  moving  vane  \& 


i 


T^ifi  becomes  aero  when  m  =o  or  when  %t=v.  and  it  is  a 
niaxumim  when  u  =  iv,  or  when  the  vane  moves  with  one- 
half  the  velocity  of  the  jet.     Inserting  this  value  of  i*. 


,if' 


l(i-hcos^>H''— 


^^.  dividing  this  by  the  theoretic  energy  of  the  jet,  the 
icuacy  of  the  \'ane  is  found  to  be 
f  =  KH'COs^) 

When  ^  =  iB6°.   the   jet   merely   glides   along   the   surface 
irithout  performing  work  and  e  =  o;    when  ji-gt>°.  the  jet 
is  deflected  normally  to  the  direction  of  the  motion  and 
#^i.   when  ji  =  o°.  a  complete  rei^ersal  of  direction  is  ob- 
tained and  the  efficiency  attains  its  nuixiraum  value  e-i. 

These  conclusions  apply  closely  to  the  vanes  of  a  water 
vrheel  which  are  so  shaped  that  the  water  enters  upon 
them  tangentially  in  ihc  direction  of  the  motion,  H  the 
■vanes  are  plane  radial  surfaces,  as  in  simple  paddle  wheels. 
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the  water  passes  away  nfirmnlly  to  the  circumfcrctice,  and 
the  highest  obtainable  efficiency  is  about  50  percent.  If 
the  vanes  are  curved  backward  the  efficiency  becomes 
greater,  and,  neglecting  Itisses  in  impact  and  friction,  it  I 
might  be  made  nearly  unity,  and  the  entire  energy  of  the  ™ 
stream  be  rcahzcd,  if  the  water  could  both  enter  and  leave 
the  vanes  in  a  direction  tangential  to  the  circumference <  ■ 
The  investigation  shows  that  this  is  due  to  the  fact  that  the 
water  leaves  the  vanes  without  velocity';  for,  as  the  ad- 
vantageous velocity  of  the  vane  is  iv,  the  water  upon  iu 
surface  has  the  relative  velocity  u  —  Ji;  — iv;  then,  if  ^— q\ 
its  absolute  velocity  as  it  leaves  the  vane  is  ^v-iv^o. 
If  the  velocity  of  the  vanes  is  less  or  grtater  than  half  the 
velocity  of  the  jet,  the  efficiency  is  lessened,  although 
slight  variations  from  the  advantageous  velocity  do  not 
practically  influence  the  value  of  e, 

Prob,  150,  A  nozzle  0,1=5  f^^t  in  diameter,  whose  coeffi- 
cient of  discharge  is  ^-95-  delivers  water  under  a  head  of  S2  feet 
against  a  series  of  small  vanes  on  a  tircumference  whose  diam- 
eter is  18,5  feet-  Find  the  most  advantageyus  velocity  of  revo- 
lution of  the  ciicumference. 
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When  vanes  are  attached  to  an  axis  around  which  they 
move,  as  is  the  case  in  water  wheels,  the  dynamic  pressure 
which  is  effective  in  causing  the  motion  is  that  tangential 
to  the  circumferences  of  revolution;   or  at  any  given  poin 
this  effective  pressure  is  normal  to  a  radius  drawn  from  the 
point  to  the  a-\is.     In  Fig.  151  are  shown  Iwu  cases  of 
rotating  vane:    in  the  first  the  water  passes  outward  o 
away  from  the  axis,  and  in  the  second  it  passes  tnwanl  or 
toward  the  axis.     The  reasoning,  however,  is  general  and 
wiU  apply  to  both  c-ises.     At  A,  where  the  jet  enters  upon 
the  vane,  let  v  be  its  absolute  velocity,  V  its  velocity  relativ 
to  the  vane,  and  u  the  velocity  of  the  point  A  ;  draw  u  nor- 
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friAl  to  the  radius  r  anrl  construct  the  parallelogram  of  ve- 
Iccities  as  shown,  a  being  the  angle  between  the  liirections 
rf  u  and  V.  and  ^  that  between  i*  and  V.  At  B,  where  the 
i^-aler  leaves  the  vane,  let  u,  be  the  velocity  ol  that  point 
tiannal  la  the  radius  r.,  and  V,  the  velocity  of  the  water 


Ttlative  to  the  vane  ]  then  constructing  the  parallelogram, 


l"     i 
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l^  resultant  of  u^  and  K,  is  ^i.  the  absolute  velocity  of  the 
*panbg  water.  Let  p  be  the  angle  between  K,  and  the 
^ver&e  direction  of  «i,  and  &  be  the  angle  ttetween  the 
fcctions  of  V,  and  u^. 

The  lotal  dynamic  pressure  exerted  in  the  direction  of 
we  motion  will  dejxind  upon  the  values  of  the  itnpulse  oi 
the  entering  and  departing  streams.  The  absolute  impulse 
ofthe  water  before  entering  is  W  .v/g,  and  that  of  the  water 
afler  leaving  is  W.vjg.  Let  the  components  of  these  in 
Ihc  directions  of  the  motion  of  the  vane  at  entiBiice  and 
departure  be  designated  by  P  and  P,;  then 


P  =  W 


If  cosa 


P,  =  W 


.f,  cosfl 


These,  however,  cannot  be  subtracted  to  give  the  resultant 
lynamic  pressure,  as  was  done  in  the  case  of  motion  in  a 
jgbt  line,  because  their  directions  are  not  para]li;:l,  and 
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the  velocities  of  their  points  of  application  are  not  p™^^'- 
The  resultant  dynamic  pressure  is  not  important  in 
of  this  kind,  hut  the  ahove  values  will  prove  useful  in 
next  article  in  investigating  the  work  that  can  be  deli^ 
by  the  vane. 

If  n  be  the  number  of  revolutions  around  the  axis  in 
second,  the  velocities  »  and  »i  are 

and  accordingly  the  relation  obtains 

Ui/u—rjf        or        Mif— ttfj 
which  shows  that  the  velocities  of  the  points  of  entraott] 
and  exit  are  directly  proportional  to  their  distances  fron! 
the  axis.     If  r  and  t^  are  infinity,  w  equals  t*i  and  the  case 
is  that  of  motion  in  a  straight  line  as  discussed  in  Art  Iti. 

The  relative  velocities  V,  and  V  aj*  connected  with  the 
velocities  of  rotation  t*i  and  »  by  a  simple  relation.  To  de- 
duce it,  imagine  an  observer  standing  on  the  outward-floff 
vane  and  moving  with  it ;  he  sees  a  particle  of  weight  w 
at  A  which  to  him  appears  to  have  the  velocity  V,  while  the 
same  particle  at  B  appears  to  have  the  velocity  V,;  the 
difference  of  their  kinetic  energies  or  ^{Vi—V*)fig  is 
the  apparent  gain  of  the  wheel-energy.  Again,  consider 
an  observer  standing  on  the  earth  and  looking  down 
upon  the  vane ;  from  his  point  of  view  the  energy  gained  is 
w{u^^  -v})l2g.  Now  these  two  expressions  for  the  gain  of 
the  wheel  in  energy  must  be  equal,  or 

\V-t^'-V-«>  (151) 

and  this  is  the  formula  by  which  Vj  is  to  be  computed  when 
V  and  the  velocities  of  rotation  are  known.  The  same 
reasoning  applies  to  the  inward-flow  vane  by  using  the 
word  loss  instead  of  gain,  and  the  same  formula  results- 

The  given  data  for  a  revolving  vane  are  the  angles  n, 
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oikI  /?.  the  radii  r  and  r„  the  velocity  i\  the  number  of 
solutions  per  second,  and  the  weight  of  water  delivered 
the  vane  per  second.  The  value  of  v  costp,  and  hence 
It  of  P,  is  immediately  known.  From  the  speed  of  revo- 
ition  the  velocities  u  and  k,  are  foiind.  The  relative 
iltxrity  V  is,  from  the  iriangki  between  u  and  v^ 

V  ^v  sinft/sin^ 

id  by  (151)  the  relative  velocity  V^  is  then  found  from 

Lly,  the  value  of  i',  eosfl  is,  from  the  triangle  between 

ii  and  Vi. 

r,  cosfl  =M,  —  V|  cos^ 

id  accordingly  the  values  of  P  and  P,  are  fully  deter- 
lined-     Numerical   values   of   these,    however,   are   never 
leedcd,  but  the  work  due  to  them  is  to  be  found,  as  will 
explained  in  the  next  article. 

Prtjh   15l<i.  If  a  point  14  inches  from  the  axis  moves  wilh  a 
form  velw?ity  of  fia  feet  pt-r  secantif  how  many  revolutions 

it  make  per  mmutef 
Proh.  I5lfr.   Given    r  =  i    feet,    r^-^j    ftsct,     a  =  4S°.    ^  =  50°^ 
TOO  feet  per  second,  and  p/  =  6  revolutions  per  second.     Com- 
»ute  the  vebcitiei  «,  «i,  V,  and  Vi. 


Art.  152,     Work  Derived  from  Revolving  Vanes 

The  investigation  in  Art.  150  on  the  work  and  efficiency 
'of  a  revolving  vane  supposes  that  ;ill  its  points  move  with 
he  same  velocity,  and  that  the  water  enters  upon  it  in  the 
e  direction  as  that  of  its  motion,  or  that  ^=0  This 
ot  in  general  be  ihe  case  in  water  motors,  as  then  the 
[jet  would  be  tangential  to  the  circumference  and  no  water 
could  enter.  To  consider  the  subject  fiirthcr  the  reasoning 
of  the  last  article  will  be  continued,  and,  using  the  same 
notation,  it  will  be  plain  th^t  the  work  of  a  series  of  Viincs 
arranged  around  a  wheel  may  be  regarded  as  that  due 


408  Dtxamig  FREaBURE  or  Water  c&u.in 

to  the  impulse  of  the  entering  stream  in  the  d«iecti<m  of  the 
motion  around  the  axis  minus  that  due  to  the  impulse  at 
the  departing  stream  in  the  same  direction,  or 

k~Pu-PjUj 

Here  P  and  P,  are  the  pressures  due  to  the  impulse  at  A 
and  B  (Pig-  151),  and  inserting  their  values  as  found. 

This  is  a  general  formula  applicable  to  the  vork  of  all  wheels 
of  outward  or  inward  flow,  and  it  is  seen  that  the  useful 
work  k  consists  of  two  parts,  one  due  to  the  entering  and 
the  other  to  the  departing  stream. 

Another  general  expression  for  the  work  of  a  series  d 
vanes  may  be  estabhshed  as  follows:  Let  v  and  u^  be  the 
absolute  velocities  of  the  entering  and  departing  water; 
the  theoretic  energy  of  this  water  is  W,v*/2g,  and  when  it 
leaves  the  wheel  it  still  has  the  energy  W.v^^/ig.  N^lect- 
ing  losses  of  energy  in  impact  and  friction  the  work  that 
can  be  derived  from  the  wheel  is 

"-^-^  (152). 

This  is  a  formula  of  equal  generality  with  the  preceding, 
and  like  it  is  applicable  to  all  cases  of  the  conversion  of 
energy  into  work  by  means  of  impulse  or  reaction.  In  both 
formulas,  however,  the  plane  of  the  vane  is  supposed  to  be 
horizontal,  so  that  no  fall  occurs  between  the  points  of  en- 
trance and  exit. 

Formula  (151)  may  be  demonstrated  in  another  way 
by  equating  the  values  of  A  in  the  preceding  formulas;  thus 

Mvcostt  -«iVi  costf  =  iCu'— v,') 

Now  from  the  triangle  at  A  between  u  and  v 

V*  —  V"  — (#'  +  2m)  cosa 
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And  &ocn  the  trifii^le  at  B  between  ■,  aad  v^ 

f,' —  IV —«,'-*- ii*,i",  cos* 
Jnsertiag  these  values  of  i^  arid  f,*  the  eqoation  reduces  to 


IV -V 


»_»» 


This  shows  that  if  k,  be  greater  than  k.  as  in  the  cwtward- 
flow  vane  of  the  first  diagram  of  Fig.  151»  tbeo  \\  is  greater 
than  Vi  if  Ht  is  \^ss  than  »,  as  in  an  inward-flow  vanet 
ttuQ  V,  is  less  than  I", 

The  above  principles  will  now  be  applied  to  the  simple 
ca.se  of  an  outward-flaw  wheel  driven  by  a  fixed  nozzle,  as 
Ttx  Fig.  1624J.     The  wheel  is  so  built  that  r  =  a  feet,  r,  =^  j  feet, 

The  velocity  of  the  water 


Fig.  \Ji2a  FrG.  ISat 

"^mg  from  the  nozzle  is  u  —  too  feet  per  second,  and  the 
'i^harge  per  second  is  a. a  cubic  feet.  It  is  required  to 
^d  the  work  of  the  wheel  and  the  efficiency  when  its  speed 
ejj7.3  revolutions  per  minute. 

The  theoretic  work  of  the  stream  per  second  ts  the 
weight   delivered   per   second   multiphed   by   its   velocity- 
liead,  or 
i  jt  =  63,5X3.aXo.oi555Xioo'-2i  380  foot-pounds 

•KiUch  gives  38. 9  theoretic  horse-powers.  The  actual 
^nsork  of  the  wlieel,  neglecting  losses  in  foam  and  friction, 

I  can  be  computed  either  from  (152)^  or  (153)^  Tti  order 
to  use  the  first  of  these,  however,  the  velocities  u,  it,,  'i/^, 
and  the  angle  d  must  be  found,  and  to  use  the  second,  v^ 
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must  be  found ;  in  each  case  V  and  1^^  must  be  detemihied. 

The  velocities  k  and  H|  are  found  from  the  given  speed 
oi  5.625  revolutions  per  second,  thus: 

11  -I    X3.i4i6X3X5.6a5=   70-71  feet  per  second 

*<i  =  ii  X?^'/!  ^iq6.o6  feet  per  sectrnd 

The  relative  velocity  V  at  the  point  of  entrance  is  found 

fmm  the  triangle  between  V  and  v,  which  in  this  case  is 

right-angled;  thus 

K— ifcos(^  — a)  —V cos  45*' '-70, 71  feet  per  second 

The  relative  x-e^ocitj-  \\  at  the  point  of  exit  is  found  from 
the  relation  (151),  which  gi^1es  ri=fi|  =  106.06  feet  per 
second.  And  since  u,  cuid  \\  are  equal,  r,  biaecls  the  angle 
between  \\  and  m,,  and  accordingly 

&  =  i(  ISC'*  -fi)  =75  degrees 
The  value  of  the  absolute  velocity  i\  then  is 

tri  —  jMiCOStf  — 54.90  feel  per  second 
and  v^/^g  is  the  \-elocily-head  lost  in  the  escaping  water. 

The  work  of  the  wheel  per  second,  computed  either 
from  (152)|  or  {\b2)j,  is  now  found  to  be  ^  =  14934  foot- 
pounds or  27.3  horse-powers,  and  hence  the  efficiency, 
or  the  ratio  of  this  work  to  Ihe  theoretic  work,  is  ^^^0.699. 
Thus  jo.i  percent  of  Iheenergj'of  the  water  is  lost,  owing 
to  ihe  fact  that  the  water  leaves  the  wheel  with  such  a 
lai^  alisolutc  velocity- 

In  this  example  the  speed  gi^'en,  337-5  revolutions  per 
minute,  is  such  that  the  direction  of  the  relative  velocity 
V  is  tangent  lo  the  vane  at  the  point  of  entrance.  For 
any  olher  speed  this  will  not  be  the  case,  and  thus  work 
will  be  tost  in  shock  and  foam.  It  is  observed  also  that 
the  approach  on^le  a  is  one-half  of  the  entrance  angle  ^: 
with  this  anai^gemcnt  the  velocities  h  and  V  are  equal, 
us  ^IfiO  w,  and  \\.  Had  the  angle  ^  been  made  smaller  the 
€flicienc>'  Would  have  been  hif^ier. 
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L       Pmb,  152J.  Cornpulc  ihe  power  and  efficiency  for  tlic  Abov« 

'McaiDple  if  the  angle  ^  be  15*  instead  of  jo°.  Explain  wliy  ^ 
cannot  he  made  very  small. 

r  Prob,  1526.  Compute  the  power  and  efficiency  of  the  inward 
flow  wheel  in  Fig- 1526,  when  r  =  3  feel,  r,  ^  j  1mi,q— 50'',  ^  *6o", 
^^60°,  if=.:TQo  feet  per  second,  (j  =  a.i  cubic  feel  per  scwnj, 
and  ihe  speed  being  164  revolutions  per  nnnuie. 


Art.  153-     Revolving  Tubes 

The  water  which  glides  over  a  vane  can  never  be  under 
fllatic  pressure,  but  when  two  vanes  are  placed  newr  together 
and  connected  so  as  to  form  a  cirised  tube,  there  may  exist 
in  it  static  pressure  if  the  tube  is  filled,  This  is  the  fondi- 
lion  in  turbine  wheels,  where  a  number  of  such  tubes,  *jr 
buckets,  are  placed  around  an  axis  and  water  i*  forced 
through  them  by  the  static  pressure  of  a  head.  Tlie  wcirk 
mthis  case  is  done  by  the  dynamic  pressure  exactly  as  in 
vanes,  but  the  exJstence  of  the  static  pressure  rendcni  ilm 
Investigation   more  didicuJt. 

The  simplest  instance  of  a  rei/olving  tulie  in  thnt  rrf  t\n 
arm  attacJied  to  a  vessel  rotating  about  a  veriJcal  ukU, 
as  in  Fig.  153.  It  was  shown  in  Art,  31 
that  the  water  surface  in  thi&  ca^e  as- 
sumes the  fr^rm  of  a  paraboknd,  and 
[if  no  discharge  occurs  it  »  clear  that 
static  pressures  at  any  two  points 
[£  and  ,4  are  measured  by  the  prvtmxtt- 
heads  //,  and  H  leckecieil  upward*  to 
the  parabolic  curve,  and.  if  the  veloci* 
ties  of  thoee  points  are  v^  aad  k,  tlKit 

Xow  suppose  an  oci&ce  to  be  opcnod 
in  the  end  of  the  tube  snd  ibe  Aov  to 
ciccur  while  at  the  mtat  time  the  wrLfctidft  k  or^tiotm^ 


Fm.  ta 


410  Dynamic  Presburb  or  Water  cha^.xh 

The  velocities  Vj  and  V  diminish  the  pressure-heads  so 
that  the  piezometric  hne  is  no  longer  the  parabola  but 
some  cur\'e  represented  by  the  lower  broken  line  in  the 
figure.  Then,  according  to  the  theorem  of  Art-  32,  that 
pressure-head  plus  velocity-head  remains  constant  during 
steady  flow,  if  no  loss  of  ener^  occurs, 

/J,+^-^-//-f— "--A  (153) 

in  which  H^  and  H  are  the  beads  due  to  the  actual  static 
pressures.  This  is  the  theorem  which  gives  the  relation 
between  pressure-head,  velocity-head,  and  rotation-head 
at  any  point  of  a  revolving  tube  or  bucket.  If  the  tube 
is  only  partly  full,  so  that  the  flow  occurs  along  one  side, 
like  that  of  a  stream  upon  a  vane,  then  there  is  no  static 
pressure,  and  the  fomiula  becomes  the  same  as  (151). 

An  apparatus  like  Pig.  153,  but  having  a  number  <A 
arms  from  which  the  flow  issues,  is  called  a  reaction  wheel, 
since  the  dynamic  pressure  which  causes  the  revolution  is 
wholl)'  due  to  the  reaction  of  the  issuing  water.  To  in- 
vestigate it,  the  general  formula  (152)i  may  be  used.  Mak- 
ing H  =0,  the  work  done  upon  the  wheel  by  the  water  is 

But  since  there  is  no  static  pressure  at  the  point  B,  the 
value  of  r,  is,  from  (153),  or  also  from  Art.  31, 

The  work  that  can  be  derived  from  the  wheel  now  is 
^  ^ ^^.»,  cos^V^^g/r  +  T^^-»,' 

This  becomes  nothing:  when  Uj  =o,  or  when  Uj_^^2gh  cot^, 
and  by  equating  the  first  derivative  to  zero  it  is  found  that 
k  becomes  a  maximum  when  tTie  velocity  is  given  by 
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^istrtiTig  Ibis  advantageous  velocity^  the  Tnaximiiin  work  ii 

^d  Iberefore  the  efficiency  of  the  reaction  wheel  is 

^^cn  p  —90*  bctli  f^,  and  f  bt'ctime  o.  for  then  the  direc- 
tKwi  of  the  stream  is  normal  to  the  circumference  and  no 
reattion  can  occur  in  the  direction  of  revolution.  When 
fi^o  the  efficiency  becomes  unity,  but  the  velocity  K^ 
l>^conies  infinity.  In  the  reaction  wheel,  therefore,  high 
efliciency  can  only  be  secured  by  making  the  direction  of 
the  issuing  water  directly  opposite  to  that  of  the  tevolu- 
titm.  and  by  having  the  speed  very  great.  If  ji-tg".^ 
or  sin^  =  i,  the  advantageous  velocity  h,  becomes  V 3gH 
&nd  e  becomes  0.67,  The  effect  of  friction  of  the  water 
on  the  ades  of  the  revolving  tube  is  not  here  considered, 
.tut  this  will  be  done  in  Art.  Ifi3. 

Proh.  l53o.  Compute  the  theoretic  efficiency  of  the  reaction 
^hecl  when  tf=  180*,  ^  =  o^  and  w,=v'3^ft. 

Prob,  153A,  A  reactinn  wheel  has  /?  =  3o°,  r,  =  o.3oi  meters, 
Sod  A  — 4-s  meters-  Compute  the  most  advantageous  number 
of  revolutions  per  miQutc-  it  the  quantity  of  water  deUvered 
toibe  wLeel  is  ifioo  liters  per  minute,  compute  the  power  of  the 
vbeel  in  metric  horse-powers  and  in  kilowatts, 

Prob-  153c.  When  I  is  in  meters,  v  in  meters  per  second,  and 
'^,  p,,  and  f ,  are  in  kilograms  per  square  centimeter,  tbelormulaa 
(US),  for  water  hammer  become 

[he  first  of  which  is  to  be  used  when  t  is  greater  than  o.ooi404i 
and  the  second  when  t  is  equiii  to  or  less  than  it,  I  being  in 
meters. 
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CHAPTER  Xlir 
WATER    WHEELS 

Art.  154,    Cokditions  oj*  High  EppicrEscY 

A  hydraulic  niotor  is  an  apparatus  for  utilizing  llio  ene^'Sy 
of  a  -waterfall.     It  generally  consists  of  a  wheel   whict:*    ^ 
caused  to  revolve  either  by  the  w-eight  of  water  falling  £r*^^ 
a  higher  lo  a  lower  level,  or  by  ihe  dynamic  pressure  dii^    ^ 
the  change  in  direction  and  velocity  of  a  moving  stre*--^' 
When  the  water  enters  at  only  one  part  of  the  circumf^^^' 
cnce  the  appanltis  is  chilled  a  water-wheel;   when  il  ent£^^^ 
around  the  entire  circumference  ii  is  called  a  turbine,       -^ 
this  chapter  and  the  next  these  two  classes  of  motors  w — 
be  discussed  in  order  to  determine  the  conditions  uhic:^ 
render  them  most  efficient.     Overshot  wheels,  which  m^iw^^ 
undertheweight  of  water  caught  in  their  buckets,  andunde* — 
shot  wheels,  which  move  under  the  impact  of  a  flowing 
stream,  art  forms  that  ha\"e  l>een  used  for  many  centuries- 
Impulse  wheels^  which   owe  their  motion  to  a  jet  of  water 
striking  their  \-anes  with  high  velocity  were  perfected  in 
the  eighteenth  century.  . 

The  efficiency  f  of  a  motor  oi^hl,  if  possible,  to  Tx"  inde- 
pendent of  the  amount  of  water  uf*xl,  or  if  not,  it  should  be 
tlie  greatest  when  the  water  supply  is  Icm .  This  is  very 
difficult  to  attain.  It  should  be  noted.  howe\'er,  that  it 
IS  not  the  mere  variation  in  the  quantity  of  water  which 
causes  the  elTicienc)'  lo  N-ary.  but  il  is  the  losses  of  head 
w)ikh  an*  consequent  thereon.  For  instance,  when  water 
is  low.  gates  must  be  lowered  to  c^minish  the  area  of  ori- 
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fices,  and  this  produces  sudden  changes  of  aecticm  which 
*iiminish  the  effective  head  h.     A  complete  theoretic  ex- 
Pi^ssion  for  the  efliciency  will  heiice  not  include  W,  the 
'^'eight  of  water  supplied  per  secondn  but  it  should,  if  posai- 
^\e.  include  the  losses  of  energy  or  head  whit^h  result  when 
H"  \-aries.     The  actual  efficiency  of  a  motor  can  only  be 
'itltTmined   by   tests   with   the    [riction   brake   (Art.  140); 
llic  theoretic  efficiency,  as  deduced  from  formulas  like  those 
Of  the  last  chapter,  will  as  a  rule  be  higher  than  tiie  actual, 
'because  it  is  impossible   to    formulate  accurately   all  the 
^curces  of  loss.      Nevertheless   the  deduction  and  discus- 
sion of  formulas  for  theoretic  efficiency  is  very  important 
for  the  correct  understanding  and  successful  construption 
Of  hydraulic  motors. 

When  a  weight  of  water  ]V  fidls  in  each  second  through 
the  height  h.  or  when  it  is  delivered  with  the  velocity  t', 
its  theoretic  energy  per  second  is 


K~Wh 


or 


K-W— 
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The  actual  worV  per  second  equals  the  theoretic  energy 
minus  all  the  losses  of  energy.  These  losses  may  bo  divided 
into  two  classes:  first,  those  caused  by  the  transformation 
of  energy  into  heat;  and  second,  those  due  to  the  velocity 
V,  with  which  the  water  rciiches  the  level  of  the  tail  race. 
The  first  class  includes  losses  in  friction,  Josses  in  foam  and 
eddies  consequent  upon  sudden  changes  in  cross-section 
or  from  allowing  the  entering  water  to  dash  improperly 
ag-^inst  surfaces;  let  the  loss  of  work  due  to  this  be  lVh\ 
in  which  li'  is  the  head  lost  by  these  causes.  The  second 
loss  is  due  merely  to  the  fact  that  the  departing  water 
carries  away  Che  energy  ^^1',V'^-  The  work  per  second 
imparted  by  the  w^ter  to  the  wheel  then  is 


k  =  W 
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and  dividing  this  by  ihe  theoretic  enet^  the  effidency  is 

m  which  V  is  the  velocity  due  to  the  head  h.     This  formula, 
although  very  general,  must  be  thu  basis  of  all  discussions 
on  the  theory  oi  water  wheels  and  motors.      It  shows  that- 
t  cfin  only  bectraie  unity  when  ^'  — o  and  v^^o,  and  accord— 
ingly  the  two  follcm-ing  fundamental  conditions  must  be— 
fulfilled  in  order  to  secure  higli  efficiency : 

I.  The  water  must  enter  and  pass  through  the  wheel 
without  losing  energy  in  friction  and  foam. 

a-  The  water  must  reach  the  level  of  the  tail  race 

without  absolute  velocity. 

Thcse  two  requirements  are  expressed  in  popular  language    - 
bv   the   well-known   ma\im   "the  water  should  enter   the 
wheel  without  shock  and  leave  without  velocity."     Here 
the  won-l  shock  means  that  method  of  introducing  tlie  water  - 
which  produces  foam  and  eddies. 

The  fticlion  of  the  wheel  upon  its  bea^rings  is  included  in 
the  lost  work  when  the  power  and  eflSciency  are  actuaUy 
mejisurcd  as  described  in  Art,  140.  But  as  this  is  not  a 
hv^iniiilii'  loss  jt  should  not  be  included  in  the  lost  work  if 
when  tliscussmg  the  wheel  merely  as  a  user  of  water,  as  will 
be  <lonc  in  this  chapter.  The  amount  lost  in  shaft  and  jour- 
mO  friction  in  good  constructions  may  be  estimated  at  > 
ivr  \  |x'rvent  t>f  the  theoretie  enei^,  so  that  in  discussing 
\\\K  hvdrfiuhc  losses  the  maximum  value  of  £  will  oot  be 
WUJy,  but  flbout  0.98  or  0,97-  This  will  usually  be  ren- 
y\KvA  niiniiilerably  smaller  by  the  friction  of  the  wheel 
liiHin  Ihu  ttir  or  water  in  which  it  moves,  and  which  will 
hviv  luit  1*  reg^nled.  The  efficiency  given  by  fI54)  is 
\^\\\k^\  thi>  hydraulic  efficiency  to  distinguish  it  from  the 
iiL^lsutl  <*tlU*li'ncv  "*  detemiined  by  the  frktion  brake. 
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•rob.  154,  A  wheel  using  70  cubTc  feet  of  water  per  minute 
H  head  of  ta.4  fed  has  an  efficiency  of  fij  percent.     Whit 
Fectivc  horse-power  does  it  deliver? 


Art.  155.     Overshot  Whbels 

the  overshot  wheel  the  water  acts  largely  by  its 
tt.  fig.  155  shows  an  end  v\ew  or  vertical  section, 
rhich  so  fully  illustrates  its  action  that  no  detailed  explan- 
ation is  necessary.  The  total  fall  from  the  surface  of  the 
water  m  the  head  race  or 
flume  lo  the  surface  in  tlie 
^feail  race  is  called  h ,  and  the 
weight  of  water  delivered 
per  second  to  the  wheel  is 
■called  11'-  Then  the  theo- 
retic energy  per  second  im- 
parted lo  the  wheel  is  Wk. 
It  is  required  lo  deierm.ine 

I  the  condiljons  which  will 
render  the  effective  work 
of  the  wheel  as  near  to  Wh 
as  possible. 

The  total  fall  may  be     "  Fig.  \55 

divided  into  three  parts;  that  in  which  the  water  is  filling 
the  buckets,  that  Jn  which  the  water  is  descending  in  the 
filled  buckets,  and  that  which  remains  after  the  buckets 
are  emptied.  Let  the  first  of  these  parts  be  called  h^.  and 
the  lost  hi^  In  falling  the  distance  h^  the  w^ter  acquires  a 
velocity  t\  which  is  approximately  equal  to  V  a£A  „  and  then, 
striking  the  buckets,  this  is  reduced  to  u,  the  tangential 
velttcity  of  the  wheel,  whereby  a  loss  of  erergy  in  impact 
occurs.  It  then  descends  through  the  distance  h—h^—h^, 
acting  by  its  weight  alone^  and  finally,  dropping  out  of  the 
buckets,  reaches  the  level  of  the  tail  race  v^-ith  a  velocity 
which  causes  a  second  loss  of  eaeigy.     Let  h'  be  the  head 
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lost  in  entering  the  buckets,  and  let  v^  be  the  velocity  of 
the  water  as  it  rcjtches  the  level  of  the  tail  race.  Then  the 
hydraulic  efficiency  of  the  wheel  is  given  by  the  general 
formula  (154).  or 

h'     r,» 

t  =  i  --. ^ 

h     ij» 

and  to  apply  it,  the  values  of  A'  an<l  v^  are  to  be  found.  Tn 
thi^  equation  t-  is  the  velocity  due  to  the  head  h.  or  v  =  v'agS^ 

The  head  lost  in  impact  when  a  stream  of  water  with  the 
velocity  Vg  is  enlarged  in  section  so  as  to  have  the  smaller 
velocity  u,  is,  as  pro\'eiJ.  in  Art-  74, 

~       H       "  H 

The  velocity  v^  with  which  the  water  reaches  the  tail  race 
depends  upon  the  velocity  u  ;ind  the  height  h^.  Its  kinetic 
eneTg>'  as  it  leaves  the  buckets  is  \\~ .n^f^g.  the  potential 
energ)'  of  the  fall  h^  is  UVij,  and  the  resultant  kinetic  energy 
as  it  reaches  the  tail  race  is  U"  .i-,'/jg;  hence  the  ^-alue  of  \\  is 


Inserting  these  values  of  A'  and  r,  in  the  formtila  for  €^  and 
placing  for  f'  its  equivalent  ugh,  there  is  found 


f  =  1  — 


The  \'alue  of  u  which  renders  f  a  mawmum  is  found  by 
equating  the  first  dcri\'ative  to  rero.  which  gives 

or  the  velocity  of  the  wheel  should  be  one-half  that  of  the 
entering  water.  Inserting  this  value,  the  hydraulic  effi- 
ciency corresponding  to  the  advantageous  velocity  is 


*— 1 
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and  lastly,  replacing  ii,*  by  its  value  2gh^.  it  becomes 

2  h       h 


(156) 


which  is  the  majriiniim  efficioncy  of  the  overshot  wheel. 

This  investigation  shows  that  one-half  of  the  entrance 
fall  /in  and  the  whole  of  the  exit  fall  h,  are  lost,  and  it  is 
hence  plain  that  in  order  to  make  e  as  large  as  possible 
both  hg  and  k^  should  be  as  small  as  possible.  The  fall  k^ 
is  made  small  by  making  the  radius  of  the  wheel  large; 
but  it  cannot  be  made  ztro,  for  then  no  water  would  enter 
the  '^■heel:  it  is  generally  tal<en  so  as  to  make  the  angle  0, 
about  lo  or  15  degrees.  The  full  h^  is  made  small  by  giving 
to  the  buckets  a  form  which  i^-ill  retain  the  water  as  long 
as  possible.  As  the  water  really  lea\'es  the  wheel  at  several 
ptrints  alcnp  the  lower  drcumforcnce,  the  value  of  hi  can- 
not usually  be  determined  with  exactness. 

The  practical  advantageous  velocity  of  the  overshot 
wheel,  as  determined  by  the  method  of  Art,  140,  is  found 
to  be  about  o  .jTo.  and  ils  eflioiency  is  found  to  be  high, 
ranging  from  70  to  yo  percent.  In  times  of  drought,  when 
the  water  supply  is  low,  and  it  is  desirable  to  utilize  all 
the  power  available,  its  efficiency  is  the  highest,  since  then 
the  buckets  are  but  partly  filled  and  hi  becomes  smalL 
Herein  lies  the  great  advantage  of  the  overshot  wheel; 
its  disadvantage  is  in  its  lar^e  size  and  the  expense  of  con- 
struction uml  maintenance. 

The  number  of  buckets  and  their  depth  are  governed 
by  no  laws  except  those  of  experience.  Usually  the  num- 
bers of  buckets  is  about  sr  or  6r,  if  r  is  the  radius  of  the 
wheel  in  feet,  and  their  radial  depth  is  from  10  to  1 5  inches- 
The  breadth  of  the  wheel  parallel  to  its  axis  depends  upon 
the  quantity  of  water  supplied,  and  should  be  so  great  that 
the  buckets  are  not  fully  filled  \s"ith  water,  in  order  that 
they  may  retain  it  as  long  as  possible  and  thus  make  ^, 
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small-  The  wheel  should  be  set  witJi  its  outer  circum- 
ference iLt  the  level  of  the  tail  water. 

Prob.  155.  Estimate  the  home-power  and  efficiency  of  an  over- 
shot wheel  which  ufies  1080  cubic  feel  of  waler  per  minuie  under 
•a  head  of  aO  feet,  the  diameter  of  the  wheel  being  aj  feeln  an^ 
the  waler  entering  15"  from  the  top  and  leaving  ia°  from  the 
bottom. 

Art.  156.     Breast  Wheels 

The  breast  wheel  is  applicable  to  small  falls,  and  the 
action  of  the  water  is  paxtly  by  impulse  and  partly  by 
weight.        As    represented     in    Fig.  156,     water    from     a 

rescr\'oir  is  admitted 
through  an  orifice  upon 
the  wheel  under  the 
head  ft,  with  the  \'e- 
locity  I'ui  the  water 
being  then  confined 
between  the  vanes  and 
the  curv'ed  ba^ast  acts 
by  its  weight  through 
a  distance  hj,  which  is 
approximately  equal  to 
^"'■'**  h~h,^    until    finally    it 

is  released  at  the  level  of  the  tail  race  and  departs  with 
the  velocity  «,  which  is  the  same  as  that  of  the  circum- 
ference of  the  wheeL  The  total  energy  of  the  water  !>eing 
WA,  the  work  of  the  wheel  is  eWh,  if  s  be  its  efliciency. 

The  reasoning  of  the  last  article  may  be  apphed  to  the 
breoBt  wheel  'ij  being  made  equal  to  zero,  and  the  ex- 
prewion  there  deduced  for  e  may  be  regarded  as  an  approxi- 
milte  value  of  its  theoretic  efficiency.  It  appears,  then, 
that*  will  be  the  greiitcr  the  smaller  the  fa]lh„:  but  o^-ing  to 
1e«kHKD  iJCtween  the  wheel  and  the  curx-ed  bre;ist.  which 
Clinnnt  l)e  theoretically  estimated,   and  which   h  less  fot 
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high  velocities  than  for  low  ones,  it  is  not  desirable  to 
make  Vq  and  /*□  small.  The  efiiciency  of  the  breast  wheel 
is  hence  materially  less  than  that  of  the  overshot,  and  usu- 
ally ranges  Erain  50  to  So  percent,  the  lower  values  being 
for  small  wheels. 

Another  method  of  determining  the  theoretic  efficiency 
of  the  breast  wheel  is  to  discuss  the  action  oE  the  water  in 
entering  and  leaving  the  vanes  as  a  case  of  impulse.  Let 
at  tlie  point  of  entrance  Av^  and  Aii  be  drawn  parallel  and 
equal  to  tJie  velocities  v^  and  u,  the  former  being  that  of 
the  entering  water  and  the  latter  that  of  the  vanes.  Let 
a  be  the  angle  between  v^  and  /*,  which  may  be  called  the 
angle  of  approach.  Then  the  dynamic  pressure  exerted 
by  the  water  in  entering  upon  and  leaving  the  vanes  is, 
fKHTi  Art.  149, 


P  =  EV 


V^  cosa  —U 


and  the  work  performed  by  it  per  second  is 

5 
This  expression  has  its  maximiun  value  when 

which  gives  tlie  advantageous  velocity  of  the  circumference 
of  the  whc(rl,  and  the  corresponding  work  of  the  dynamic 
pressure  is 

Adding  this  to  the  work  Whj  done  by  the  weight  of  the 
water,  the  total  work  of  tlie  w]ieel  when  rujuiing  at  the 
advantageous  velocity  is  found  to  be 

or,  if  V9'  be  replaced  by  its  value  Cj'.jgA^,  where  c^  is  the 
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coefficient  of  velocity  for  the  stream  as  it  leavefl  the  ori5ce 

of  the  reservoir, 

fe-H'(K'cos'a.A,+AJ 

whence  the  maximum  hydraulic  efficiency  erf  the  wheel  is 
*-K*cos'a.^'+J  (156) 

If  in  this  expression  A,  be  replaced  by  A— i^  and  if  c,  =  i 

and  a  —  o°,  this  reduces  to  the  same  value  as  found  for  the 
overshot  wheel-  The  angle  a,  however,  cannot  be  zero, 
for  then  the  direction  of  the  entering  water  would  be  tan- 
gential to  the  wheel,  and  it  could  not  impinge  upon  the 
vanes;  its  value,  however,  should  be  small,  say  from  lo** 
to  25**,  The  coefficient  ^i  is  to  be  rendered  large  by  making 
the  orifice  of  the  discharge  with  well-rounded  inner  comers 
&o  as  to  avoid  contraction  and  the  losses  incident  thereto. 
The  above  formulas  cannot  be  relied  upon  in  practice  to 
give, close  values  of  k  and  e,  on  account  of  losses  by  foam 
and  leakage  along  the  curved  breast,  which  of  course  can- 
not be  algebraically  expressed. 

Prob.  156-  A  breast  wheel  is  10.5  feet  in  diameter,  and  has 
c,  — 0.93.  h^  =  4.2  feet,  and  a  — la  degrees.  Compute  the  most 
advantageous  number  of  revoluli&ns  per  minute. 

Art.  157.     Undershot  Wheels 

The  common  undershot  wheel  has  plane  radial  vanes^ 
and  the  water  passes  beneath  it  in  a  direction  nearly  hori- 
zontah  It  may  then  be  regarded  as  a  breast  wheel  where 
the  action  is  entirely  by  impulse,  so  that  in  the  preceding 
equations  /i,  becomes  o,  h^  becomes  A,  and  a  will  be  o^. 
The  theoretic  efficiency  then  is  e^^^c^.  In  the  best  con- 
tniclions  the  coefficient  c^  is  nearly  luiity,  so  it  may  be 
concIu<ied  that  the  maximum  efficiency  of  the  undershot 
wheel  is  about  0.5.  Experiments  show  that  its  actual 
efficiency  varies  from  0.20  to  0-40,  and  that  the  advanta- 


AiT.  Ifi7 


UnDBHSHOT    WHEEt^, 


421 


geous  velocity  is  about  0.41^0  instead  of  o.$Va-  The  lowest 
eflicicncies  arc  DhtiLJiiecl  from  whoi^ls  placed,  in  im  unlimited 
floftTng  current,  as  upon  a  scow  anchored  in  a  stream ;  and 
the  highest  from  those  where  the  stream  beneath  the  wheel 
b  confined  by  walls  so  as  to  prevent  the  water  from  spread- 
ing laterally, 

Tlie  Poncelet  wheel,  so  called  from  its  distinguished 
inverltor,  has  curved  vanes,  which  are  so  arranged  that  the 
water  leaves  them  tangentially,  with  its  absolute  velocity 
less  than  that  of  the  vek^city  of  the  wheel  If  in  Fig.  156 
the  fall  hj  be  ^'e^y  small,  and  the  vanes  be  cur^'ed  more 
than  represented,  it  will  exhibit  the  main  features  of  the 
Poncelet  wheel.     The  water  entering  with  the  absolute 


Fia.  157 
velocity  I'o  takes  the  velocity  u  of  the  vane  and  the  velocity 
V  relative  to  the  vane.  Passing  then  under  the  wheel,  its 
dynamic  pressure  performs  work ;  and  on  leaving  the  vane 
its  relative  velocity  V  is  probably  nearly  the  same  as  that 
at  entrance.  Then  if  V  be  drawn  tangent  to  the  vane  at 
the  point  of  exit,  and  it  tangent  to  the  circumference,  their 
resultant  will  be  v^,  the  absolute  velocity  of  exit,  which 
wiU  be  much  less  than  it.  Consequently  the  energy  carried 
away  by  the  departing  water  is  less  than  in  the  usual  forms 
of  breast  and  undershot  wheels,  and  it  is  found  by  experi- 
ment that  the  efficiency  may  be  as  high  as  60  percent- 

In  Fig.  157  is  shown  a  portion  of  a  Poncelet  wheel.  At 
A  the  water  enters  the  wheel  through  a  nozzle-like  opening 
with  the  absolute  velocity  v^  and  at  B  it  Jea\^es  with  the 
absolute  velocity  1',,      In    the    figure  -4   and  B  have    the 
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same  elevation.  At  -4  Ihe  enLering  stream  makes  the 
approiicli  angle  a  with  the  circumference  of  the  wheel  and 
the  fiame  angle  with  the  vane,  so  that  tiie  relative  velcx:ily 
V  ia  equfil  to  the  velocitj-  of  the  outer  circumference  k. 
If  h  be  the  head  on  _4  the  theoretic  work  of  the  water  is 
Wh,  and  the  work  of  the  wheel  is 


k^W 


and  the  eHiciency,  neglecting  fricUou  and  leakage,  is 


3gk 


Now,  let  tj  be  the  coefficient  of  velcx^ty  of  the  entrance 
orifice,  then  v^-c^^/2gk.  From  the  parallelograms  of  vt- 
locity  lit  A  and  B,  there  are  found 


a  cosa 


tfi  =  aHsiiia— ifp  tan*T 


for  this  velocity  «  the  efficiency  of  the  wheel  is 
fl-c,'(i  -tan*CT) 
U  fj  — T  and  «=o,  the  efficiency  becomes  unity. 


(157) 
In  the 


Iwftl  I'onsl  met  ions  c^  may  be  made  from  0.95  to  0.98,  but  a 
pfttliun  Ix'  !i  very  smtLll  angle,  since  then  no  water  could 
onlpr  the  wheel  If  a  =  io°  and  c^=o.9s  the  efficiency  is 
Q,fto,  which  is  probably  a  higher  value  tlian  usually  attained 
iv  pmrticc,  Tf  the  velocity  be  greater  or  less  than  Itvcosct, 
tlw  rlliciency  will  be  lowered  on  account  of  shock  and 
(oiLm  at  A. 

I'r'fh.  HT'ir  Estimate  the  horae-power  that  car;  he  obtained 
ivwi  ftn  unilcrshat  wheel  with  plane  radial  van ps  placed  in  a 
#^T•rtm  huvinu  n  mean  velocity  of  3  feet  per  second,  the  widlh 
fl  \\iQ  wIimtI  tioing  15  feet,  its  diameter  3  feet,  and  the  maxi- 
mwn  muncMinn  c>f  the  vanes  being  i.jj  leet,  Ilow  many  vev- 
ohtlliin*  T»rr  minute  should  this  wheel  make  in  order  to  fur- 
^\UU  Ihi*  iiiHuniuiTii  power?  Make  sketches  ahowing  how  you 
W*Hiit]   inoVLnt   tliL'   wheel   in  the  stream   and  provide  against 

dnm«g«  i"y  floods. 
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Prob.  I57b.  Wliat  widih  of  wheel  is  necessary  for  the  data 
of  the  last  problem  in  order  that  75  horse-powers  may  be 
gCTicra.ted  ? 

Prob.  157c-  Estimate  the  horse-power  that  can  be  obtained 
from  a  Poncelet  wheel  under  a  head  of  4  feet,  when  the  orifice 
at  A  is  1  feet  wide  and  j  inches  deep,  taking  h=3o°  and 
^,-0.90. 


Art.  158.     Vertical  Impulse  Wheels 

A  \"eriical  wheel  like  Fig.  157,  but  having  smaller  vanes 
against  which  the  water  is  delivered  from  a  nozzle,  is  oftt^n 
called  an  impulse  wheel,  or  a  "'hurdy-g^irdy"  wheel.  The 
Pelton  wheel,  the  Castjade  wheel,  and  other  forma,  can  lit; 
purchased  Jn  severnl  sizes,  and  are  convenient  on  account 
of  their  portability.  Fig,  15Sa  shows 
an  outline*  sketch  of  such  a  wheel  with 
the  vanes  somewhat  exaggerated  in 
size.  The  simplest  vanes  are  radial 
planes  as  at  -4,  but  these  give  a  low 
efficiency.  Curved  vanes,  as  at  B,  are 
generally  used,  as  these;  cause  the  water 
to  turn  backward,  opposite  to  the  direc- 
tion of  the  nintion,  and  thus  to  leave 
the  w^hecl  with  a  low  absolute  velocity 
(Art.  150).  In  the  plan  of  the  wheel  it  is  seen  that  the  vanes 
may  he  arranged  so  as  also  to  turn  the  water  sidewise  while 
deflecting  it  brickward.  The  experiments  of  Browne*  show 
that  with  plane  radial  vanes  the  highest  efficiency  was  40,2 
percent,  while  with  curved  vanes  or  cupa  S?,^  percent  was 
attained.  The  velocity  of  the  vanes  which  gave  the  highest 
eflicicTicy  was  in  each  case  almost  exactly  one-half  the 
velocity  of  the  jet. 

The  Pelton  wheel  is  used  unrler  high  heads,  and  also 
l>«ng  of  small  size  it  has  a  high  veltjciiy.  The  effective  head 
is  that  measured  at  the  entrance  of  the  nozzle  by  a  pressitre 

*  Bottie'E  Trtadse  an  Hydmulic  KininK  (New  York,  i^Si),p.  igj. 


quantiti 


VjiTKB  Wheels 


apprcjach  and  tlie  loss  in  the 
These  wheels  arc  wholly  of  iron, 
and  are  provided  with 
a  casing  to  prevent  ibe 
spattering  of  the  water. 
Pig.  158^  shows  a  form 
with  three  noziles,  by 
which  three  streams 
are  applied  at  different 
parts  of  the  circum- 
ftTi?nce,  in  order  to  oh- 
tam  3.  greater  power 
than  by  a  single  nozzle, 
or  to  obtain  a  ^eater 
speed  by  using  smaller 
nozzles.  For  an  effec- 
tive head  of  loo  feet 
a!id  a  ^nglc  nozzle 
given  by  the  manufacturers : 

I  >  3               4             6 

S.a9  44. T9  59.52  176. 7        2Q^.i 

736  jfij  941  i3i 

Ih40  7.45  16,84  ^9-93 
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^  ri^peruiinute, 

I  fK-tte  figures  imply  an  efficiency  of  S5  percent. 

Ttw  gi^'nitral  theory  of  these  vertical  impulse  wheels  is 
ibc  Muucusthiit  given  for  moving  vanes  in  Art.  149-      Owing 
1^     ^     *^\\.'}\  velocity,  more  or  less  shock  occurs  at  entrance.  ^ 
„,  :  ii'  angle  of  exit  ^  cannot  be  made  small,  the  water  H 

Jw^vos  ila-  s'.mcs  with  more  or  less  absolute  velocity.  The 
butv^nhi^pous  velocity  of  the  vanes  or  cups  is  between  43 
uAkl  s©  percent  of  that  of  the  entering  jet. 

^^^^^|  li'W.  The  diameter  of  a  hurdy-gurdy  wheel  is   13.58 

(t«4  ^Nvtw-i^rn  centers  of  vanes  and  the  impinging  jci  has  a  vt- 

I  *it  jS  5  feet  per  sefond  and  a  diameter  of  0,^83  feet.     The 

,  .,  iKv  I'f  till-  wheel  is  440  percent  when  making  6j  revolu- 

U.'iik  K'  "^<Ti"t^"     ^^hat  horse-power  does  it  furnish  ? 


I 
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Art,  159.     Horibontal  Impulse  Wheels 

When  a  wheel  is  placed  with  its  plane  horizontal  and  is 
driven  Yiv  a  stre;im  of  water  frum  a  nozzle  it  is  callet]  a 
horizonta.!  impulse  wheel.  There  are  two  forms,  knoftii  as 
Uie  out  ward-flow  and  the  in  ward -flow  wheel.  In  the 
former,  shown  in  Pi^',  159a»  th(i  water  enters  the  wheel  upon 
the  inner  and  leaves  it  upon  the  outer  circumference;  in 
the  latter,  shown  in  Fig.  1596,  the  water  enters  upon  the 
outer  and  leaves  upon  the  inner  circumference.  The  water 
issuing  from  the  nozzle  with  the  velocity  V  impinges  upoa 


the  vanes,  and  in  passing  through  the  wheel  alters  hoth  its 
direction  ajid  its  absolute  velocity,  thus  transformijig  its 
energy  into  useful  work.  The  energy  o£  the  entering  water 
is  W.v^/2g  and  that  of  the  departing  water  is  \V.v,^/3g. 
Neglecting  frictional  resistances,  the  work  imparted  to  the 
■wheel  by  the  water  is 

and  dividing  this  by  the  theoretic  energy,  the  eflieieney  ia 

This  is  the  same  as  the  general  formula  (154)  if  h'  -o,  that 
is,  if  losses  in  foam  and  friction  are  disregarded,  and  if  the 
wheel  is  set  at  the  level  of  the  tail  race.  It  is  now^  required 
to  state  the  conditions  which  will  render  these  looses  and 
also  the  velocity  v^  as  small  as  possible.     The  reasoning  will 
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be  general  and  applicable  to  both  outward-  and  inward' 
flow  wheels. 

At  the  point  A  where  the  wat«r  enters  the  wheel  let  the 
parallelogram  of  velocities  be  drawn,  the  absolute  velocity 
of  entrance  being  resolved  into  its  two  components,  the 
velocity  u  of  the  wheel  at  that  point,  and  the  velocity  V 
relative  to  the  vane ;  let  the  approach  angle  between  a  and 
V  be  called  a,  and  the  entrance  angle  between  u  and  V  be 
called  4'-  At  the  point  B  where  the  water  leaves  the  wheel 
let  1^1  be  its  velocity  relative  to  the  vane,  and  u^  the  veloc- 
ity of  the  wheel  at  that  point ;  then  their  resultant  is  tj,,  the 
absolute  velocity  of  exit.  Let  the  exit  angle  between  \'^ 
and  the  reverse  direction  of  h^  be  called  ^,  The  directions 
of  the  velocities  m  and  Wj  are  of  course  tangential  to  the  cir- 
cumferences at  the  points  A  and  B.  Let  r  and  r^  be  the 
radii  of  these  circumferences;  then  the  velocities  of  re^TJ- 
lution  are  directly  as  the  radii,  or  uty^u^r. 

In  order  that  the  water  may  enter  the  wheel  without 
shock  and  foam,  the  relative  velocity  V  should  be  tangent 
to  the  vane  at  A,  sn  that  the  water  may  smoothly  glide 
along  them.  This  will  be  the  case  if  the  w^heel  is  run  3t 
such  speed  that  the  parallelogram  at  .4  can  be  formed,  or 
when  the  velocities  u  and  v  are  proportional  to  the  sines 
of  the  angles  opposite  them  in  the  triangle  Auv.  The 
velocity  \\  will  be  rendered  very  small  by  running  the  im- 
pulse wheel  at  such  speed  that  the  A'elocities  u^  and  i,  are 
equal,  since  then  the  parallelogram  at  B  becomes  a  rhombus, 
and  the  diagonal  z\  is  very  small.     Hence 

are  the  two  conditions  of  maximum  hydraulic  efficiency- 

Now,  referring  to  the  formula  (151),  which  expresses 
the  relation  between  the  velocities  of  rotation  and  the 
relative  velocities  of  the  water  for  revolving  vanes,  it  is 
seen  that  if  »i  =  V^,  then  also  «  -  K.     But  «  cannot  equal 


\ 
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V  unless  0  =  2a,  and  then  u  —v/3  cosa,  which  is  the  advan- 
tageous velocity  of  the  circumference  at  A,  Therefore  the 
two  conditions  above  reduce  to 

6-7CC        and        «— (159), 

which  show  how  the  wheel  should  be  built  and  what  speed  it 
should  have  to  secure  the  greatest  efficiency.  When  this 
speed  obtains  the  absolute  velocity  v^  is 

'   .  r,        ''i   -   n      ''i  sinj5 
^  ^        i^  r       ^'^       T    cosa 

SJid  the  corresponding  hydraulic  efficiency  is 

\r   cosa  J  ^         ' 

■^y   the  discussion  of  which  proper  values  of  the  approach 
^^gle  a  and  the  exit  angle  /9  can  be  derived. 

This  formula  shows  that  both  the  approach  angle  a  and 
*^he  ex.it  angle  fi  should  be  small  in  order  to  give  high  efii- 
^^eticy,  but  they  cannot  be  zero,  as  then  no  water  could 
P^ss  through  the  wheel ;  values  of  from  1 5  to  30  degrees  are 
"*^sijai  in  practice.  It  also  shows  that  /?  is  more  important 
^H^n  ft,  and  if  ^  be  small  a  may  sometimes  be  made  40  or 
■45  degrees.  It  likewise  shows  that  for  given  values  of  a 
^ric3  ^  the  inward-flow  wheel,  in  which  r^  is  less  than  r,  has 
^   higher  efficiency  than  the  outward-flow  wheel. 

The  condition  V^  •^n^  renders  the  absolute  exit  velocity 
'^i  "very  small,  but  it  does  not  give  its  true  minimum.  This 
^^ill  be  obtained  by  making  Vi  =  m,  cos^,  so  that  the  direction 
^^  1',  is  normal  to  that  of  \\.  and  thus  iJ^^u^sin^.  The 
'^scussion  of  water  wheels  and  turbines  under  this  condi^ 
^**^>i  of  the  true  minimum  leads  to  very  complex  formulas, 
^'^ci  hence  in  this  work,  as  in  many  others,  the  simpler  con- 
"^ition  Vi  =  «,  is  used. 

Prob.  159a.  Compute  the  maximum  efficiency  of  an  outward- 
"^^  impulse  wheel  when  r^  =  ^  feet.  r^2  feet,  a  =  ^$°,  ^  =  90°, 
fl"*30'*,  and  find  the  number  of  revolutions  per  minute  required 
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to  secure  such  efficiency  when  the  velncily  of  the  entering  atream 
is  ^r^ioo  feet  per  secuTid. 

Prob,  ISDfc-  Foe  an  inward-flow  iinpTjlse  wheel  let  the  angle 
a!  =  3&°,  the  imier  radius  la  inches,  and  the  outer  radius  21 
inches.  If  the  hydraulic  eftirfcncy  is  oSg.  what  should  be  the 
valTiC5  of  the  sngle  ^  and  ^?  If  the  velocity  of  the  entering 
jel  is  93  feet  per  secunU^  what  should  be  the  number  of  revolu- 
tioim  of  the  wheel  per  minutcP 

Art,  160.     Downward-flow  Impulse  Wheels 

In  the  itnpulse  wheels  thus  far  considered  the  water 
leaves  the  vanes  iu  a  horizontal  direction-  Another  form 
used  less  frequently  is  that  oC  a  horizfjntal  wheel  drix'en 
by  water  issuiTig  from  :m  inclined  nozzTe  so  that  it  passes 
downward  along  the  vanes  without  approaching  or  reced- 
ing from  the  axis-      Fig,  IGO  shows  an  outline  plan  of  such 

an  impulse  wheel  and  a 
development  of  a  part  of 
a  cylindrical  section.  Let 
V  be  the  velocity  of  the 
entering  stream,  h  that  of 
the  wheel  at  the  point 
where  it  strikes  t3»e  vanes, 
iind  Tfj  the  absohite  veloc- 
ity of  the  departing  water. 
At  the  entrance  A  the 
direction  of  v  makes  ivith 
that  of  a  the  apprniach 
angle  a,  and  the  direction, 
of  the  relative  velocity  V 
makes  Viith  that  of  u  the 
entrance  angle  0,  The 
water  then  passes  o\"er 
the  vane,  and.  nej;k'eting 
the  influence  of  frielion 
and  £ra\ity,  it  issues  at  B  with  the  same  relative  velocity  V, 
making  the  exit  angle  ^  with  the  plane  of  motion. 
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The  conditk-n  that  impact  and  foam  shall  be  aN-oided  at 

■4  IS  fTiIfillcii  by  making  ihe  relative  velocity  I'  tangent  to 

^e  vane,  and  the  condition  that  the  absolute  veJodly  if, 

shall  be  small  is  fulfilled  by  making  the  velocities  u  and  V 

equal  at  B~     Hence,  as  in  the  last  article,  the  best  constnjc- 

^<m  is  to  make  ^  =  la.  and  the  best  speed  of  the  wheel  is 

"  "f/j  costt-     Also  by  the  same  reasoning  the  efficiency 

i^der  these  conditions  is 

ff  —  I  -  (sini^/coso)' 

■^^'^ich  shows  that  a,  and  especially  ^.  should  be  a  small 
^Qgle  to  give  a  high  numerical  value  of  *'.  For  instance,  if 
"*^th  these  angles  are  30  degrees,  the  efficiency  is  o.gjy  but 
^  <K  =-45*and /S  =  io°.  theefQcicncy  is  a.94. 


K 


i 
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Although  these  wheels  are  but  little  used,  there  seems 
be  no  hydraulic  n^asoii  why  they  should  not  be  employed 
"^^Hh  a  success  equal  to  or  greater  than  that  attained  by  vcr- 
Ileal  impulse  wheels.  It  ttill  be  possible  to  arrange  several 
^'^^^ziles  around  the  circumference,  and  thus  to  secure  a  high 
I^*ower  with  a  small  wheel.  The  fall  of  the  water  through 
til*;  vertical  distance  between  ,4  and  B  will  also  add  shghUy 
'^O  the  power  of  the  wheel,  and  if  this  be  taken  into  account 
^rie  above  values  of  advantageous  velocity  and  efficiency 
^"ill  be  modified,  both  being  slightly  increased,  as  the  foUow- 
J'^e  mvestigatioo  shows. 

Let  A,  be  the  vertical  fall  between  A  and  B,  then  the 
^eoretic  energy  of  the  water  with  respect  to  B  is 


^^ici  the  hydraulic  efliciency  of  the  wheel  is 

1'.' 


G  =  l  — 


tiere  the  relative  velocity  V,  at  B  is  greater  than  V,  or 
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and  since  u  should  equal  \\,  this  equation  becomes,  after 
insertmg  for  V  its  value  in  terms  of  «,  v,  and  a. 


V 


2  CO£a 


(-*) 


^'bk:h 


lh( 


wheel.     Since 

i\  —  lit  sin  13,  the  above  expression  for  the  theoretic  hydraulic 
efficicn-cy  reduces  to 

a^A/sin)j9 


-hn^r 


For  this  case  the  approach  angle  ^  must  be  a  little  greater 
than  2a,  aud  its  vaku«  can  be  found  by 

^  r'siTuor 

and  by  using  l^us  angle  ^.  losses  due  to  impact  will  be 
aN-oided  when  the  wheel  is  run  at  the  advantageous  speed. 
For  example^  if  r  =50  feet  per  seciind,  and  J),  =  i  foot,  and 
a*3o*  the  value  of  ^  ts  about  6j*  instead  of  60*"  as  the 
simpler  cotkUtioQ  ivqutres,  while  the  increase  in  the  advan- 
tageous speed  is  about  i  percent  over  the  former  value. 

Prob-  IftiJ,  A  trhttl  like  Fi^,  160  is  driven  by  water  which 
issuer  fnoxn  a  nooie  with  a  velnetiy  1^  100  feel  per  seeond.  If 
the  diameter  is  j  feet,  the  effidency  0.90.  and  the  a]j|>TT>ach 
ang^  a  -  45  degi«<£>  find  the  best  vahies  of  the  entrance  and 
exit  Aoglcs  »ad  the  best  speed. 

Pvob.  IQOb.  For  a  wheel  of  the  same  dimen^ons  and  data 
let  the  vertieal  fall  Jh,  be  1  >  5  feet.  Cj^mpute  the  entTan<^e  and 
cut  anftes  and  the  hn-t  speed.  If  the  discharge  from  the 
nooaSe  is  aS;  cubic  leet  pei  second,  what  is  the  hor^e- power  of 
the  wheoL 


Art.  161.    Nokklbs  i-oit  Impulse  Wheels 

Impure  wheels  arc  driwn  by  the  dynamic  piessure  of 
xpater  bsuing  from  noote  attw^^  to  the  end  of  a  pipe 
which  ojoductA  tbo  water  from  a  resen'oir.     It  is  shown 
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in  Art.  £»7  that  the  gre^i-test  velocity  is  secured  when  the 

diameter  o£  the  nozzle  is  as  small  as  possible  and  that  the 

greatest   discharge   otcurs   when    there   is  no   nozzle.     To 

secure  the  greatest  power,    however,   there   is  a  certain 

diameter  of  nozzle  which  will  now  be  determined,  and  it  is 

advisable  for  economical  reasons  to  use  a  nozzle  of  this  size 

and  adjust  the  speed  of  the  wheel  thereto. 


^ 


Let  h  be  the  hydrostatic  head  on  the  nozzle,  /  the  length, 
and  d  the  diameter  of  the  pipe,  and  D  the  diameter  of  the 
nozzle.     Let  all  the  reaialances  except  that  due  to  friction 

the  pipe  and  nozzle  be  neglected;  then  from  Art,  97, 
the  velocity  of  the  jet  from  the  nozzle  is 


k 


,-j 


ag'j 


}{i/d){D/dy^{i/ci' 


m  which  /  is  the  friction   factor  for  the  pipe  and  c,  is  the 
coefficient  of  velocity  for  the  nozzle.     Let  lu  be  the  weight 
f  a  cubic  foot  of  water;  then  the  theoretic  energ>'  of  the 
et  per  second  is 


■w 


I 


anci  tne  value  of  D  which  renders  this  a  mfLxirmim  is,  by 
the  usual  method  of  differentiation,  ascertained  to  be 


and  for  a  nozzle  of  this  size  the  velocity  of  the  jet  is 
r=-o,Si6ciV^gS 


(161), 


lor,  since  c^  is  about  o.g;,  the  x'elocity  cf  the  jet  when  lea\Hng 
'the  nozzle  is  about  flo  percent  of  the  theoretic  velocity  due 
,to  the  head  on  the  nozzle. 

As  an  example  let  a  pipe  be  1 3O0  feet  long  and  one  foot 
■  in  diameter;  then,  taking  for  /  the  mean  value  0,02  ard 
■using. tj  =  o. 97,   there  is  found  £^=0.39  feet,  and  hence  a 
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nozzle  4J  inches  in  diameter  is  required  lo  give  tlie  maxi- 
mum pcwer,  Tltia  nsull  may  tw*  rt-viscd,  if  thought  ncccS' 
saiy,  by  finding  the  velocity  in  the  pipe  and  thus  getting  a 
better  %'alue  oi  j  from  Table  33-  If  the  head  be  joo  feet, 
this  velocity  is  found  to  be  g.i  feet  per  second,  whence 
/=*o.oi8,  and  on  repeating  the  computaLioD  thei^  is  found 
D=o.40  fcct  =  4.S  inches.  If  the  pipe  be  i^  000  feet  long, 
the  advantageous  diameter  of  the  nozzle  will  be  found  to 
"be  much  smaller,  namely  2I  inches. 

When  tbere  ts  more  than  one  nozzle  at  the  end  of  the 
pipe  the  above  investigation  must  be  modified-  Let  there 
be  two  nozzles  with  the  diameters  D,  and  Dj,  each  having 
the  coelTicient  c:,.  Then  the  discharge  \izdh!  through  the 
pipe  equals  the  discharge  \r.{D^'^V^-\-D^*\\).  But  the  \'e- 
lodties  V,  and  V,  arc  equal  if  the  lips  of  the  nozzles  are  on 
the  same  elevation,  and  hence  dh'  equals  {D^*-\- !)^)\\ 
where  r  is  the  velocity  of  flow  from  each  nozzle.  Now, 
referring  to  Art,  97  and  to  the  proof  of  (161),  it  is  seen  that 
it  applies  to  this  case  provided  D^  be  replaced  by  D^+D^, 
and  accordingly 

is  the  formula  for  determining  the  sizes  of  the  two  nozElea 
which  will  fiutiish  the  maximum  power;  if  D,  be  assumed, 
the  viilue  of  D-t  can  be  computed.  The  area  of  tlie  circle 
of  diameter  D  found  from  C161)i  is  equal  to  the  sum  of  the 
areas  ot  the  two  circles  found  from  (161),.  If  tliere  be 
three  or  more  nozzles,  the  sum  of  their  areas  is  equal  to 
that  corresponding  to  the  diameter  D  as  computed  from 
(161),,  For  example,  let  there  be  a  pipe  ijcxj  feet  long 
and  one  foot  in  diameter  to  which  three  nozzles  of  equal 
size  ore  attached.  The  diameter  found  above  for  one  noz- 
zle is  4.80  inches,  and  the  corresponding  area  is  18.10  square 
inches;  hence  the  area  of  the  cross-section  of  the  tip  of 
each  of  the  three  nozzles  is  6.03  square  Inches^  which  corre> 
spoilds  to  a  diameter  of  2.77  inches. 
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Prob.  Ifihi.  A  pipe  15  000  feet  long  and  iS  inches  in  diam- 
eter runs  from  a.  mountain  reservoir  tci  a  ^jower  pla-ntn  where  the 
v^aler  is  to  he  dehvered  through  two  nozzles  against  a  hurdy- 
gurdy  whe^L  If  the  diameter  u(  one  nozzle  is  3  inches,  find  the 
<lianietCT  of  the  other  in  order  that  the  maximum  power  may 
be  developed-  If  the  head  on  the  nozzles  is  &ij  feet  anrl  the 
cfticiencj'  of  the  wheel  39  percent,  compute  the  horae-power 
that  may  be  expected. 

Prob.  161t.  A  compound  pipe  of  lengths  I^  and  /,  and  diam- 
eters d^  and  Jj  conveys  water  to  an  impulse  wheel  against  which 
it  is  delivered  hy  three  nozales  having  the  diameters  Z^j.  D^, 
and  Dj.  the  tips  of  which  are  ofl  the  tame  elevation.  Taking 
the  coefficients  of  velncity  of  the  noz^lpa  as  equal  and  regarding 
the  diameters  U,  and  /?,  as  known,  find  the  diameter  Dg  that 
will  fender  the  energy  of  the  jets  a  maximum. 


I 


Art,  162.     Special  Forms  of  Whhels 

Numerous  varieties  of  the  water  wheels  above  described 
have  been  used,  but  the  variation  hes  in  mechanical  details 
rather  than  in  the  introduction  of  anj"  new  hydrauhc  princi- 
ples. In  order  that  a  wheel  may  be  a  success  it  must  fur- 
nish power  as  cheaply  as  or  cheaper  than  steam  or  tjther 
motors,  and  to  this  end  comptit-tncss,  durability,  and  low 
cost  of  installation  and  maintenance  are  essential. 

A  variety  of  the  overshot  wheel,  called  the  back-pitch 
wheel,  has  been  built  in  which  the  water  is  introduced  on 
the  back  instead  of  on  the  front  of  the  wheel  The  buckets 
are  hence  <lillerently  arniiiged  from  those  of  the  usual  fonr^ 
and  the  wheel  revolves  also  in  ati  opposite  direction.  One 
of  the  large&t  overshot  wheels  ever  constructed  is  at  Laxey. 
on  the  west  coast  of  Eiiglund,  It  is  72^  feet  in  diameter, 
about  I  o  feet  in  widthn  and  furnishes  about  1 50  horse-power, 
wliich  is  used  for  pumping  water  out  of  a  miue. 

A  breast  wheel  with  very  long  curved  vanes  extending 
over  nearly  a  fourth  of  the  circumference  has  been  used  for 
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small  falls,  the  water  entering  directly  from  the  penstock 
without  impulse,  so  that  the  action  is  that  of  weight  alone. 
This  form  is  made  of  iron  and  gives  a  high  efficiency. 

Undershot  wheels  with  curvedfloats  for  use  in  the  open 
current  of  a  river  have  been  employed,  but  in  order  to  obtain 
much  power  they  require  to  be  large  in  size,  and  hence  have 
not  been  able  to  compete  with  other  forms.  The  great 
amount  of  power  wasted  in  all  rivers  should,  however,  incite 
inventors  to  devise  wheels  that  can  economically  utilize  it. 
Currents  due  to  the  movement  of  the  tides  also  afford  oppor- 
tunity for  the  exercise  of  inventive  talent. 

The  conical  wheel,  or  Danaide,  is  an  ancient  form  of 
downward-flow  impulse  wheel,  in  which  the  water  approaches 
the  axis  as  it  descends,  and  thus  its  relative  motion  is  de- 
creased by  the  centrifugal  force.  The  theory  of  this  is 
almost  precisely  the  same  as  that  of  an  inward-fiow  impulse 
wheel,  and  there  seems  to  be  no  hydraulic  reason  why  it 
should  not  give  a  high  efficiency.  Another  form  of  danaide 
has  two  or  more  vertical  vanes  attached  to  an  axis,  which 
are  enclosed  in  a  conical  case  to  prevent  the  lateral  escape 
of  the  water. 

A  water-pressure  engine  is  a  hydraulic  motor  which 
moves  under  the  static  pressure  of  water  acting  against  u, 
piston  or  a  revolving  disk.  The  piston  forms  are  recipro- 
cating in  motion  like  the  steam-engine  and  operate  in  the 
same  way,  the  water  entering  and  leaving  through  ports 
which  are  opened  and  closed  by  a  link  motion  connected 
with  the  piston-rod.  The  other  forms  give  rotary  molion 
directly  from  the  revolving  vanes  or  disks.  The  piston 
engine  has  been  employed  in  Germany  to  a  considerable 
extent  to  drive  pumps  for  draining  mines,  but  the  rotar>- 
engine  has  not  been  widely  used  and  it  cannot  be  adv;m- 
tageously  arranged  to  deliver  a  high  power.  On  account  of 
the  incomprcssibility  of  water  special  devices  for  regulating 
the  opening  and  closing  of  the  valves  are  necessary. 
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Xumerous  other  special  <ievices  for  utiU^iiig  the  energy 

vater  by  means  of  water  wheels  have  been  invented,  but 

they  do  not  introduce   any  new  liydraulic  principle.     The 

■efficiency  of  these  special  forms  is  often  low  on  account  of 

tlie  imperfections  of  the  apparatus,  but  it  should  be  horns. 

rin  mind  that  high  efficiency  is  only  obtained  after  trials 
extending  over  much  time,  such  trials  enabling  the  imper- 
fections to  be  discovered  and  removed.  The  foTmulas  For 
hydrauhc  efficiency  deduced  in  the  preceding  pages  do  not  in- 
clude losses  due  to  friction,  and  these  may  often  amount  to 
■ten  or  twenty  percent  of  the  theoretic  energy,  so  that  due 
allowance  for  them  should  be  made  in  estimating  the  power 
—which  a  proposed  design  may  deliver. 

'  Power  may  be  obtained  from  the  ocean  waves,  which  are 
constimtly  rising  nnd  fulling,  by  a  suitable  arrangement  of 
'beeJs  and  levers,  and  some  inventions  in  this  direction  liave 
iven  fair  premise^  of  success.  Chie  in  o^Jcration  on  the 
ist  of  England  about  iB<}0  consisted  of  a  laige  buoy 
rhich  rose  and  fell  with  t!ie  waves  on  a  fixed  vertical  shaft 
Lstened  in  the  rock  bottom.  As  the  buoy  moved  up  and 
down  it  operated  a  system  of  levers  and  wheels  which  drove 
an  air- com  pressor,  and  this  in  turn  ran  a  dynamo  that  gen- 
erated electric  power.  The  rise  of  the  ocean  tide  also  affords 
opportunity  for  impounding  water  which  may  be  used  to 
generate  power  when  the  tide  falLs.  I%nt9  for  this  pur- 
pose are  to  be  located  along  tidal  rivers  where  opportuni- 
ties for  impounding  occur,  the  wheels  being  idle  during  the 
rise  of  the  tide  and  in  operation  during  its  falL  Owing  to 
this  intermittent  generation  of  power,  it  will  be  necessary 
to  provide  for  its  storage,  so  that  industries  using  it  may 
be  in  contimious  operation. 

■  Prob-  lQ2d-  A  wheel  using  10.5  cubic  meters  of  water  per 
minute  under  an  effective  head  of  aj.4  tqcIcts  ha^  an  pfficiency 
q(  75  percent.  What  metric  hcr&e-power  does  it  deliver?  What 
is  its  power  in  kilowatts? 


436  Watbb  Wheikia  c«a»-  xm 

Prob^  1626.  A  breast  wheel  has  ^^"0.95,  ^  —  1.3  Tueters,  and 
a-°i3  degrees.  If  its  diameter  153,5  meters,  compute  the  most 
advantageous  number  o£  revolutions  per  minute. 

Prob.  162^:.  An  inward-flow  impulse  wheel  has  ^  —  104'. 
a  =  s2^,  and  ^'-Is^  its  inner  diameter  being  0.8a  meters  and 
its  outer  diameter  i.as  meters.  If  this  wheel  uses  0.86  cubic 
meters  of  water  per  second  under  an  effective  head  of  7.9  meter^^ 
compute  its  ef&ciency  and  its  probable  horse-power. 

Prob,  I62rf.  A  pipe  3*00  meters  long  and  40  centimeters  in 
diameter  delivers  water  through  two  nozzles  against  a  hurdy- 
gurdy  wheel.  When  the  diameter  of  one  nozzle  is  5  centimeters 
find  the  diameter  of  the  other  nozzle  in  order  that  the  energy 
of  the  two  jets  may  be  a  maximum.  If  the  head  on  the  noxzlcs 
is  107  meters  and  the  eiliciency  of  the  wheels  is  Si  percent,  com* 
pute  the  hoise-power  which  the  wheels  will  deliver. 


AkT.  103 


Tee  Reaction  Wheel 


437 


CILVPTER    XrV 
TURBINES 

Art.  163.     The  Reaction  Whebl 

The  reaction  wheel,  invented  by  Barker  about  1740, 
consists  ol  a.  Dumber  of  hollow  arms  connected  with  a  hollow 
vertical  shaft,  as  shown  in  Fig.  16-J, 
The  water  issues  from  the  ends  of  the 
arms  in  a  direction  opposite  to  that 
of  their  motion,  and  by  the  dynamic 
pressure  due  to  its  reaction  the  energy 
of  the  water  is  transformed  into  useful 
^-ork.  Let  the  head  of  water  CC  in 
the  shaft  be  h ;  then  the  pressure-head 
BB  which  causea  the  flow  from  the 
anns  is  greater  than  h.  on  account  of 
the  ccntnfugal  force  due  to  the  nota- 
tion of  the  wheel.  Let  w,  be  the  abso- 
lute velocity  of  the  exit  orifices,  and 
V|  he  the  velocity  of  discharge  relative 
to  the  wheel;  then,  as  shown  in  Art, 
31^  and  also  in  Art.  153, 


Fig,  163 


The  absolute  velocity  i?i  of  the  issuing  water  now  is 

It  is  seen  at  once  that  the  efficiency  can  never  reach  unity 
unless  v^—Q,  which  requires  that  Vi—Uj.  This^  however, 
can  only  occur  when  rt,  =  co,  since  the  above  fonmda  shows 


6r  gfUUM-i  than  u^  for  any  finite  values  of  " 
-  —  M-  T^pression  for  the  efficiency  the  worK 
-:i(  is  lo  be  di^"ided  by  the  iheoretiC 
V^  and  this  gives 
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{l\-tt,)'  2», 


(163), 


AaI^  equalsuTiity  when  f,  —  ii,  =e  «e. 
Qf#tto.067;  if  V,  =3;r,,  the  \'alue  of  « 

that  the  efficiency  of  a  reac- 

il»  speed,     ff  a,  be  the  area  of  the 

of  a  cubic  unit  of  water,  the 

■  jhcfcaagod  in  one  second  is  wa^V^^  which 

Tj— *,— oc.     Nothing  approachmg 

kon  account  of  losses  due  to  friction, 

tble.     The  reaction  wheel, 

liat^ittmft  mpaaer  (An.  177). 

.of  friction  in  thearms,  letCjbe  the 
(Chapter  VII).  so  that 

.  «<  tke  wbevi  is 

of  the  wheel  is 


titis  a  Tnaximum,  is 
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^f  c, -1,  there  is  no  loss  in  friction,  Eind  h,  ^coand  c  -  t,  as 
before  deduced.     If  f,  =o.g4,  the  advantageous  velocity  h, 
is  very  nearly  Vit^h,  and  e  is  o,S6;  hence  the  inlluence  of 
friction  in  diminishing  the  efficiency  is  very  great.     In  order 
to  make  Cj  large,  the  end  of  the  arm  where  the  water  enteis 
■nust  be  well  rounded  to  prevent  contraction,  and  the  in- 
tenor  surface  must  be  smooth.     If  the  inner  end  has  sharp 
square  edges,  as  in  a  standard  tube  (Art.  7fi),  c^  is  a. 83,  and 
£  becomes  0.43, 

The  reaction  wheel  is  not  now  used  as  a  hydraiUic  motor 
on  account  of  its  low  efliciency.  Even  when  run  at  high  a[>«:d3 
the  efficiency  is  low  on  account  of  the  greater  friction  and 
resistance  of  the  air.  By  experiments  on  a  wheel  one  meter 
in  diameter  under  a  head  of  1 ,3  feet  Weisbaoh  found  a  maxi- 
roum  efficiency  of  67  percent  when  the  velocity  of  revolution 
was  \^2gh.  When  n^  was  sV^i^h  the  efTiciency  w^snolh- 
ig,  or  all  the  energy  was  consumed  in  frictional  resistances. 

The  reaction  wheel  is  here  introduced  at  the  beginning 
»f  the  discussion  of  turbines  mainly  to  call  attention  to  the 
[act  that  the  discharge  varies  with  the  speed.     Although 
'sometimes  called  a.  turbine,  it  can  scarcely  be  properly  con- 
sidered as  belonging  to  that  class  of  motors. 

Prob.  !63.  The  sum  of  the  exft  orifices  of  a  reaction  wheel 
4-35  aqtiare  inches,  their  radius  is  1,75  feet,  and  their  velocity 
ja.i  feet  per  secondh  Compute  the  head  nece&sary  to  furnish 
I.&  horae-powers,  when  £^^0.95. 


Art.  164.     Classification  op  Turbines 

A  turbine  wheel  may  be  defined  as  one  in  which  the 
*ter  enters  around  the  entire  circumference  instead  of 
ipon  one  portion,  so  that  all  the  moving  vanes  are  simul- 
aneoiisly  acted  upon  by  the  dynamic  pressure  of  the  water 
[as  it  changes  its  direction  and  velocity.  The  turbine  was 
ivented  by  Foumeyron  in  iSj;,  and  owing  to  its  compact- 
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placed 


The,-  may  ^,tTe  ..an.«  in  w^^^^  ^,„  ^.,« 
";.t*ttvfa«-  ^",  \„iiTe  inn"  "='"'^, Fie  165b).  ^^ 
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should  b^^^  ="    ^,^ndeted  w  the 
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-Sthcg^f-^'^S  diilerent  ^^'i^°^t  market.     W 
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motion,  the  water  enteriiifi  bonzfmtally  and  inward,  und 
IeB\'tng  vertkallv,  the  vanes  being  waq>ed  surfaces.  The. 
usual  efficiency  oE  turbines  at  full  gate  is  from  ;o  to  S5  per- 
cent, ulthfjugh  go  percent  baa  in  3ome  cases  been  derived. 
When  the  gale  is  partly  closed  the  efficiency  iii  general  de- 
oreaseSn  and  when  the  gate  opening  is  small  it  becomes  very 
low.  This  is  due  to  the  loss  of  head  conse<:^uent  upon  the 
sudden  change  of  cross-section;  and  therein  lies  the  disad- 
vantage of  the  turliine,  for  when  the  water  supply  la  low,  it 
is  urtportant  that  it  should  utilize  all  the  power  available. 

P  Another  classification  is  into  impulse  and  reaction  tur- 
bines. In  an  impiilse  turbine  the  water  enters  the  wheel 
with  a  velocity  due  to  the  head  at  the  point  of  entrance, 
just  as  it  does  from  the  noiale  which  driven  an  impulse  wheel 
(Art.  159),  In  a  reaction  turbine,  however,  the  velocity  of 
the  entering  water  may  be  greater  or  less  than  that  due  to 
the  head  on  the  orifices  of  enirancc,  and,  as  in  the  reaction 
wheel,  it  is  also  influenced  by  the  speed-  This  is  due  to  the 
fact  that  in  a  reaction  turbine  the  static  pressure  of  the  water 
is  partially  transmitted  into  the  moving  wheel,  provided 
that  the  spaces  between  the  vanes  are  fully  tilled.  Any 
turbine  may  be  made  to  act  either  as  an  impulse  or  a  reac- 
tion turbine.  If  it  be  arranged  so  that  the  water  passes 
thmugh  the  vanes  without  filling  them,  it  is  an  inipulse  tur- 
bine; if  it  be  placed  under  waiter,  or  if  by  i:tther  means  the 
flowing  water  is  compelled  to  completely  fill  all  the  passages^ 
it  acts  as  a  reaction  turbine.  As  will  be  seen  later,  the 
theory  of  the  reaction  turbine  is  quite  different  from  that 
of  the  impulse  turbine, 

m      Proh,  ]^iiJ.  If  the  eilicieacy  of  a  turbine  is  75  percent  when 
delivering  5000  hoist-powera   under   a  head  of   i^iG  fset,  how 
y  cubic  feet  of  water  per  minute  pass  l!irfmgh  it? 

Prob-  154^  An  outward-How  lurhine  has  a  diameter  of 
3,3^7  feel  What  is  the  velocity  Qi  the  cireumference  when  the 
number  of  revolutions  per  minute  is  86  ? 
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ARt.  165.     Reaction  Turbines 

A  reaction  turbine  is  driven  by  the  dynamic  pressure  of 
flowing  water  which  at  the  same  time  may  be  under  a  cer- 
tain degree  of  static  pressure.  If  in  the  reaction  wheel  of 
Fig.  163  the  arms  be  separated  from  the  penstock  at  A,  and 
be  so  arranged  that  BA  revolves  around  the  axis  while  AC 
is  stationary,  the  resulting  apparatus  may  be  called  a  reac- 
tion turbine.  The  static  pressure  of  the  head  CC  can  still 
be  transmitted  through  the  arms,  so  that,  as  in  the  reaction 
wheel*  the  discharge  will  be  influenced  by  the  speed  of  rota- 
tion. The  general  arrangement  of  the  moving  part  is,  hoW' 
ever,  like  that  of  an  impulse  wheel,  the  vanes  being  set 
between  two  annular  frames,  which  are  attached  by  arras 
to  a  central  aus.     In  Fig,  165a  is  a  vertical  section  showii^ 


F:g-  16Vi 


an  outward-flow  wheel  W  to  which  the  water  is  brought  by 
guides  0  from  a  fixed  penstock  P.  Between  the  guides  and 
the  wheel  there  is  an  annular  space  in  which  sUdes  an  an- 
nular vertical  gate  E ;  this  ser\"es  to  regulate  the  quantity 
of  water,  and  when  it  is  entirely  depressed  the  wheel  stops. 
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Many  other  forms  of  gates  arc,  hcwevcr,  used  in  thediHerent 
Btyles  of  turbines  fourtd  m  the  market. 


i£iiLi    '^"^b]  i^b^JL^^^gs 


section  a  of  both  the  outward-  and  the  inward -flow  types,  show- 


Fio.  l65fT. 


Fic.  1056. 


ig  the  arrangement  of  guides  ai 
passages  which  lead  the  water 
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0.  while  the  mov-mg  wh«l  is  marked  IV.  It  is  seen  ffiat 
the  U'aier  is  introduced  around  the  entire  circumference  of 
the  wheel,  and  hence  the  quantity  supplied,  and  lilcewise  the 
power,  vs  far  greater  than  in  the  impulse  wheels  of  the  last 
chapter. 

In  order  thai  the  static  pn^ssure  may  be  transmitted 
into  the  wheel  it  b  placed  under  water,  as  in  Fig.  165li»  or 
the  exit  orifices  are  partially  closed  by  gates,  or  the  air  is 
prevented  irom  entering  thein  by  some  otlier  device. 

In  Fig,  i65rf  a  Leffel  turbine  of  the  inward-flow  type  is 
illustrated,  the  arrows  showing  the  direction  of  the  water 

as  it  enters  and  leaves.  The 
wheel  itself  is  not  \'isible,  it 
being  within  the  enclosing 
case  throL^h  which  the  water 
eatere  by  the  spaces  between 
■^-_  the  guides.      In  Fig,  1*1.5^  ig 

^k^  ^^  shown  a  view  of  a  Hunt  tur. 
bine,  which  is  also  of  the 
inward-  and  domiward-flow 
type,  in  both  cases  the  guides 
are  seen  with  the  small  shaft 
for  moving  the  gates,  these 
being  partly  raised  in  Fig, 
16jt,  The  flange  at  the  base 
of  the  guides  serves  to  support 
the  weight  of  the  entire  ap- 
p;iratus  upon  the  floor  of  the 
enclosing  penstock,  which  la 
Fic-  I6fi#  filled  with  water  to  the  level 

of  the  head  bay.  The  cylinder  below  the  flange,  commonly 
called  a  draft-tube,  carries  away  the  water  from  the  wlteel, 
and  the  level  uf  the  tail  water  should  stand  a  little  liigher 
than  its  lower  rim  in  order  to  prevent  the  introduction  of 
air,  and  thus  ensure  that  the  wheel  may  act  as  a  reaction 
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turbine-  Iron  pen^itoclcs  are  frequently  useJ  instead  of 
woaJen  ones,  and  for  tlie  pure  outward-  and  inward-ilow 
lypes  the  wheel  is  ofter^  placed  below  the  level  of  the  tail 
race. 

Turbines  are  sometimes  placed  vertically  on  a  horizontal 
shaft.  Fig-  165;  shows  twin  Eureka  turbines  thus  atrangeii 
in  an  enclosing  iron  casing.     The  water  enters  through  & 


Fig,  U\5j 

large  pipe  attached  to  the  cylinder  openiri^,  and  ha\Tng 
filled  the  cylindrical  casing  it  passes  through  the  guides, 
turns  the  wheels,  and  eaciipes  by  the  two  elbows.  Large 
twin  vertical  turbines  furnishing  x^oo  horse-powers  have 
n  built  by  the  James  LelYel  Company. 

All  reaction  turbines  will  act  a.s  impulse  turbines  when 
any  cuuse  the  passages  between  the  vanes,  or  buckets, 
they  are  generally  called,  are  not  filled  with  water  In 
cui^  the  theorj'  of  their  action  is  exactly  like  that  of  the 
impulse  wheels  described  in  the  last  chapter  In  Arts.  166- 
169  reaction  turbines  of  Ihe  simple  outward-  and  inward- 
flow  types  will  be  discussed,  the  downward-flow  type  being 
sensed  for  special  description  in  Art,  171). 

Prob.  l6Ra.  Consult  Engineering  Record,  Feb,  5,  lagS,  and 
describe  methods  of  regulating  the  speed  of  turbines. 

Prob.  ilS5b.  Consult  Bodmer's  Hydraulic  Motors,  Slagg's 
Water  or  HyJrauUc  Moior&H  an-I  AVeisbacli'^  Mechanics  of  Engi- 
neering, vol-  3 :  make  iketthes  showing  several  different  anangt- 
ments  of  the  gates  of  turbines. 
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Art,  1G6-     Flow  throi^gh  Reaction  Turbis'es 

The  discharge  through  an  tinpulsc  turbine,  like  that  for 
an  impulse  wheel,  depends  only  on  the  area  of  the  guide  ori- 
fices and  the  effective  head  upon  them,  or  q  =oi'=Q\/3gh. 
In  a  reaction  turbine,  however,  the  dischai^e  is  influenced 
by  the  speed  of  revolution,  as  in  the  reaction  whe^!,  and 
aJso  by  the  areas  of  the  entrance  and  exit  orifices.  To  find 
an  expression  for  llits  discharge  let  the 
wheel  be  supposed  to  be  placed  bulow 
ij:^?  the  surface  of  the  tail  water,  as  in  Ftg. 
16fl.  Let  k  be  the  total  head  between 
the  upper  water  Ie\-el  and  tliat  in  the 
tail  race,  //,  the  pressure-head  on  the 
exit  orifices,  and  H  the  pressure-head 
at  the  gate  opening  as  indicated  by  a 
piezometer  supposed  to  be  there  in- 
Fit.  lOU  SBTted.  Let  Uj  and  u  be  the  velocities 
of  the  wheel  at  the  exit  and  entranee  circumference,  which 
have  radii  r,  and  r  (Fig.  165*).  Let  I  \  and  1 "  be  the  relative 
velocities  of  exit  and  entiance,  and  if,  be  the  absolute  ve- 
locity of  the  water  as  it  leaves  the  guides  and  enters  the 
wheel ;  the  entering  velocity  v^  may  be  less  or  greater  than 
^^^gii.  depending  upon  the  value  of  the  pressure-head  //. 
Let  d,,  a.  and  a,  be  the  areas  of  the  orifices  ncfrmal  to  the 
directions  of  Vj,  \\  and  r'Q.  N'ow,  neglecting  all  losses  of 
friction  between  the  guides,  the  theorem  of  Art.  32,  that 
pressure-head  phis  velocity-head  equals  the  total  head, 
gives  the  equation 


"-% 


Also,  neglecting  the  friction  and  foam  in  the  buckets.  l±e 
corresponding  theorem  of  Art.  153  gives 
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Adding  these  equations,  the  pressure -heads  H,  and  M  disap- 
pear, and  there  results  the  formuU 


0 


Vx'-y+v 


2f^  +  «x'"«* 


(166)1 

Now,  since  the  buckets  are  fully  filled,  the  saine  quantity  of 
water,  q,  passes  in  each  second  through  each  of  the  areas  a^, 
fl,  and  flfl,  and  hence  the  three  velocities  through  these  areas 
have  the  respective  values. 


'--f 


LitToducing  these  values  into  the  fonn\Ua  (166 ),►  solving  for 
9h  and  multiplying  by  a  coefficient  t  to  account  for  losses  in 
leakage  and  friction,  the  diachargo  per  second  is 


3jjA+U|"-a' 


a^     a'      a/ 


(166), 


This  is  the  formula  for  the  Bow  through  a  reaction  turbine 
'rfien  the  gate  is  fully  raised.  The  reasoning  applies  to  an 
inward'flow  as  well  as  to  an  outward-flow  wheel.  In  an 
outward-flow  turbine  h^  is  greater  tlian  u,  and  consequently 
Uie  dischai^  increases  with  the  speed;  in  an  inward-flow 
l;^irbinett,is  less  than  n,  and  consequently  the  discharge  de- 
t^reases  as  the  speed  increases. 

The  value  of  the  coefficient  c  will  probably  vary  with  the 
head^  anrl  also  with  the  size  of  the  areas  ti^,  a,  and  a^.  When 
^  turbine  has  been  tested  by  the  methods  of  Arts.  13S-141, 
3^1  the  areas  have  been  measured,  the  values  of  c  for  dif- 
f^^t  speeds  may  be  cttmputed.  For  example,  take  the 
OTjtward-flow  Hoyden  turbine,  tests  of  which  at  full  gate  are 
£iv*^ri  in  Art.  141.  The  measured  dimensions  and  angles  of 
^  wheel  are  £ls  follows' 


Outer  radius  of  wheel 
Inner  Tadius  of  wheel 
Outer  radius  of  guide  case 


^  =  3-3167  feet 
f  —  3  S6jo  feet 
ro  =  i.55ii  feet 


Mfi 


Turbines 


Qwor 


Outer  Jepth  of  buckets 
Inner  depDi  of  buckets 
Outer  area  uf  buckets 
Inner  area  of  buckets 
Outer  area  cif  guide  orifices 
Exit  anijlc  ^f  biickcis 
Entranre  or  git  of  Inickets 
Entrance  angle  of  guides 
Number  of  buckctSn  53 

TnserlinB  in  the  above  formula  the  v-^lnes  td  v^^^K 
number  of  revolutions  per  minute,  h  mducet  to 


4/j  — 0-7ufaR 
d  =0.741  tea 

a  ^t3,ia  mjfaam in 

^  '90  degree 
fl  =14  6tgiva 
Sntaha  at  gm^e^jM 


From  this  the  value  of  c  may  be  computed  tux^tadLol^ 
Ecvcti  experiments  and  tht;  following  taibidstmi  Ae?^^ 
result*,  the  first  fcmr  c-olumTis  giving  the  tnmiba' c^ t^ ^ 
pL-nmi?rit,  Lhc  obtM^rved  head,  number  of  twvbsicH  p'' 
minute,  cind  dischiLrgc  iji  cubic  feet  per  secood.  TV  fi^ 
column  pves  the  theoretic  disch^ri^  comptfiedlMff^ 
ab^ive  luniiulu*  taking  the  coel^cient  a^uninr,  »d  tlvM 
ci>lunm  U  dcrivwl  by  dividing  the  observed  diaiiuiy  f  t? 
thu  thtijrelic  dischargL^  Q.  The  discrepaiM^  of  5  cr  6  p^- 
ccnt  iK  smidlrT  th;iii  might  be  expected,  stDoe  tir  insv^ 
does  nut  co[i&idt:r  frictional  resistances. 


No. 

J» 

-V 

1 

0 

f 

It 

ly.tG 

fi3S 

T  1 7  ot 

i»i  I 

0,950 

10 

17.17 

70  0 

"S37 

jssa 

0.945 

'0 

I7-J3 

750 

^'9-53 

196.A 

0  94J 

18 

17.34 

ao.o 

iJUIJ 

isS^ 

•^44 

17 

17.lt 

M0.0 

132,41 

'50.0 

0^94* 

16 

IJ.JC 

9J  » 

I>4.r4 

U>5 

a94> 

^S 

I?, 19 

lOO.O 

"773 

»i4-* 

*>^7 

A  lUliKfdrtory  f^rmuhi  for  the  dischai^  Uuoa^a 
bine  whtML  the  ^'uLt?  LK  [MrUv  depressed  is  difficuR  to 
Iktoiiu*.*  tlu*  low  of  heiid  which  then  results  can  aohr  bt  C3C- 
prrwi'd  |jy  tho  hr)p  of  exixrimcntal  coefficients  smuLar  to 
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Ihoso  given  in  Art.  88  for  the  sliiling  gate  in  a  water  pipe 
and  the  values  of  these  for  turbmes  are  not  kiiown.  It  is. 
however,  certain  that  for  each  particular  gate  opening  the 
discharge  is  given  by 

m  which  m  depends  upon  the  areas  of  the  orifices  atid  the 
height  to  which  the  gate  is  raised-  For  instance,  in  the 
teT=ts  of  the  abo^'e  Boyden  turbine  the  mean  value  uf  m  for 
full  gate  opening  is  3.as,  but  when  the  gate  was  Only  six- 
lenths  open  its  value  was  j.Si.and  when  the  gate  was  two- 
tenths  open  its  value  was  i.^t.  Enuh  form  and  si^u  of  reac- 
tion turbine  has  its  own  values  of  m,  depending  upon  the 
are;!  of  its  orifices,  and  when  these  have  been  determined  a 
turbine  maybe  used  as  a  water  meter  to  measure  the  dis- 

I  charge  with  a  fair  degree  of  precision. 
I  Prob.  16&1-  Check  the  ctwistants  in  the  above  formula  for 
pe  Boyden  turbine,  and  compute  the  values  of  c  for  experi- 
ments l.^  and  21. 
Prob,  1G06.  Consult  Francis'  Lowell  Hydraulic  Experiments, 
pages  67-75.  and  compute  the  coethcient  m  for  e:tperiments  30 
aud  31  on  the  center  vent  Boott  turbin^. 


I 


Art.  167.    Theory  or  Reaction  Turbines 


tf 


The  theory  of  reaction  turbines  may  be  said  to  include 
two  problems:  Erst,  given  all  the  dimensions  of  a  turbine  and 
the  head  under  which  it  works,  to  determine  the  maximum 
efficiency,  and  the  corresponditig  speed,  discharge,  and 
wer;  and  second,  ha  via  j^  ^nven  the  head  and  the  quantity 
water,  to  design  a  turbine  of  high  efficiency.  Tliis  article 
deals  only  with  the  first  problem,  and  it  should  be  said  at 
out^t  that  il  caimot  I  ic  fully  solved  theoretically,  even 
r  the  best-conditioned  wheels,  on  account  of  losses  in  foam, 
tion,  and  leakage.  The  investigation  will  be  limited  to 
case  of  full  gate,  since  when  the  gate  is  partially  de 


pressed  a  Toss  of  energy  results  (rom  sudden  expansion. 

The  notation  will  be  the  same  as  that  used  in  Chapierss 
XI  and  XUl.  and  as  shown  in  Figs.  165&  and  165^:;  the  rca^ 
sOTitng  will  apply  to  both  outward-  and  inward-flow  tur- 
bines. Let  T  be  the  radius  of  the  circumfei«nce  where  the 
■water  enters  the  wheel  and  r,  that  of  the  circumference 
where  it  leaves,  lei  u  and  «,  be  the  corresponding  velocities 
of  revolution ;  then  Mr,  =u^r^  Let  tfjbc  the  absolute  velociiv 
w:th  which  the  water  leaves  the  guides  and  enters  the  wheel, 
and  V  its  velocity  of  entrance  relative  to  the  wheel ;  let  a  be 
the  approach  angle  and  0  be  the  entrartt^e  angle  which  these 
velocities  make  with  the  direction  of  n.  At  the  exit  circum- 
ference let  \\  be  the  relative  velocity  with  which  the  water 
leaves  the  guides,  and  i\  its  absolute  velocity ;  let  ^  be  the 
exit  angle  whicli  \\  makes  with  this  circumference.  Let  u^ 
a,  and  a,  be  the  areas  of  the  guide  orifices,  the  entrance,  and 
the  exit  orifices  of  the  wheel,  respectively,  measured  per- 
pendicular to  the  directions  of  Cj,  V,  and  V\.  Let  d^,  d.  and 
d^  be  the  depths  of  these  orifices;  when  the  gale  is  fully 
raised  d,  becomes  equal  to  d. 

The  areas  a^  a,  flj,  neglecting  the  thickness  of  the  guides 
and  vanes,  and  takmg  the  gate  as  fully  open,  have  the  values 

a^'^^i^d  sinct  a  =  2icrii  sini^        a^  — a-r^dj  sin^ 

and  ^ce  these  areas  are  fully  flUed  with  water, 

q=t\.37:rd  siaa  =  W  jnrJ  sin0  =  V'j.a:7r,J,  sin^        (I67)t 

These  relations,  together  with  the  formulas  of  the  last  article 
and  the  geometrical  conditions  of  the  parallelngrams  of  ve- 
locities, include  the  entire  theory  of  the  reaction  turbine. 

In  order  that  the  efficiency  of  the  turbine  may  be  as  high 
as  jXTSsible  the  wnler  must  enter  tangentially  to  the  ^-anes^ 
and  the  absohile  velocity  oi  the  tssuii'iK  water  must  be  as 
small  as  possible.  The  first  condition  will  be  fulfilled  when 
M  and  r«  axe  proportional  to  the  sines  of  the  angles  $  —  <r  and 
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The  second  will  be  secured  by  making  tti^V^  in  the 
rallelogram  at  exit,  as  then  the  diagonal  if,  becomes  very 
ail.     Hence 

*.«!"<.^r_«i         u,~v,  (167). 

the  Iwo  conditions  which  should  obtain  in  order  that 
hydraulic  efficiency  may  be  a  maximum. 

Now  making  T,  =k,  in  the  third  quantity  of  (167)i  and 
equating  it  to  the  first,  there  results 

H,      rd  sina  «      t'J  sina 

T.'o     r^dj  sin^  IF,     f,'d  STn/9 

Also  making  Vi=(i.  in  (166),  and  substituting  for  V  its 
v^ue  M'-i-ifg^  —  2HiJo  cosa  from  tbe  triangle  at  -4  between  u 
,     and  v#,  there  is  found  the  important  relation 

B  «Uj  cosft  ~gh  (167), 

^brhich  gi%-es  another  condition  between  w  and  Uj.  The  ve- 
^■DCity  w«»  with  which  the  water  enters,  hence  depends  upon 
^■tafipe^  oE  the  wheel  as  well  as  upon  the  head  h. 

^p  Thus  three  equations  between  two  unknown  quantities  w 
and  t'fl  have  been  deduced  for  the  c^^  of  majtimum  hy- 
draulic efficiency,  namely, 

'*       sin(^  -ff)  tt       r\i  sino:  ^ 


Ti'dj  sin^ 


atr.- 


cosa 


If  the  values  of  the  velocities  w  and  f,  be  found  from  the 
first  Euid  third  et[Urtlions,  they  are 


„^J^'*'''^^*~«) 


v.=^- 


g/i  sin^ 


coswsin^  *°      \costt  sin{0-o)     ^       -^^ 

the  first  of  which  i^  the  advantageous  velocity  of  the  circum- 

(ference  where  the  water  enters,  and  the  second  is  the  abso- 
lute velocity  with  which  the  water  leaves  the  guides  and 
enters  the  wheel.     In  order,  however,  that  these  expressions 
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may  be  correct,  the  first  and  second  values  rf  u/v^  must  also 
be  equal,  and  accordingly 

which  is  the  necessary  relation  between  the  dimensions  and 
angles  of  the  wheel  in  order  that  this  theory  may  apply. 

For  a  turbine  so  constructed  and  running  at  the  advan- 
tageous speed  the  hydraulic  efficiency  is 

e  =  i r  =1  — -, ■ 

2gh  gh 

and  substituting  for  it,  its  value  in  terms  of  i*  from  (167), 
and  having  regard  to  (167)^.  this  becomes 

£  =  i- J  tanatanj^  (167), 

The  discharge  ujider  the  same  conditions  is  g^a^^^  and 
lastly  the  work  of  the  wheel  per  second  is  k  =wqhe. 

The  result  of  this  investigation  is  that  the  general  prob- 
lem of  investigating  a  given  turbine  cannot  be  solved  theo- 
retically, unless  it  be  so  built  as  to  approximately  satisfy 
the  condition  in  (167)a,  If  this  be  the  case,  it  may  be  dis- 
cussed by  the  formulas  deduced.  Even  then  no  very  satis- 
factory conclusions  can  be  drawn  from  the  numerical  values, 
since  the  formulas  do  not  take  into  account  the  loss  by 
friction  and  that  of  leakage.  To  determine  the  efficiency, 
best  speed,  and  power  of  a  given  turbine,  the  only  way  is 
to  actually  test  it  by  the  method  described  in  Art.  140.  The 
above  formulas  are,  however,  of  great  value  in  the  discussion 
of  the  design  of  turbines.  More  exact  formulas,  from  a 
theoretical  standpoint,  may  he  derived  by  using  the  con- 
dition V,  =»j  cos/?  instead,  of  V^  =m,  to  determine  the  e^t 
velocity  u,  (Art.  159),  but  these  are  very  complex  in  fonn, 
and  numerical  values  computed  from  them  differ  but  little 
from  those  found  from  the  formulas  here  established. 
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If  the  coeiTicienL  of  iJischarge  of  a  ttirbine  be  known  (Art. 

166),  the  advantageous  speed  and  corresponding  discharge 

xtnay  be  closely  computed.     For  this  purpose  the  condition 

"»<^  -  Vi  — fl/fli  is  to  be  tised,      Insicrtmg  in  this  the  value  of 

*^fToni  (1(»7)3  and  solvijig  for  m,,  there  is  found 


,f'      fl.'     Oi"       , 

"^hich  gives  the  advantageous  velocity  of  the  circumference 
"^here  the  water  leaves  the  wheel,  and  then  by  (IGr))j  the 
discharge  ciin  be  obtained.     As  an  tisample,  take  the  case 
of  Holyoke  test  No,  ^75.  where  r,  ^57^  inches.  r  =  3ii  inches, 
/i  — 23.fi   feet,   flo  — 3.066,   a  — 5.526,   a^^l.g^g  square    feet, 
ct  =3$i°.    0  =qo°,    i^  =  IT 3".       Assuming    r  =  o,g5,    as    the 
turbine  is  similar  to  tliat  investigated  m  the  last  a.rtic]e,  the 
above  formula  gives  k,  —31,34  feet  per  second,  which  corre- 
sponds to  130  revolutions  per  minute,  and  this  agrees  well 
with  the  actual  number  ijS.     The  erticiency  found  by  the 
lest  at  that  speed  was  0.79,  which  is  a  very  much  less  value 
than  the  above  theoretic  formula  gives,  since  this  formula 
was  derived  without  taldng  into  account  the  friction  losses 
within  and  without  the  wheel. 

Prob- 16"^  For  the  case  of  the  last  problem  ^=-4.67,  r,  =  j.gg, 
d—  i.oi,  rf,  — T-33,  A"  13.4  feet.  ""^  9*^.5,  "/*  =  iig",^—  i  i°.  Com- 
ptjte  the  areas  n^.  a.  a^.  and  the  advantageous  speed.  Compute 
also  the  velocity  with  which  tLi;  water  enters  the  wheel. 


Art.  1S8.      Design  op  Reactiok  Turbines 

The  design  of  an  outward-  or  inward-flow  turbine  for  a 
given  head  and  discharge  includes  the  determination  of  the 
dimensions  r,  f^,  d,  d^.  and  the  angles  a.  ^.  ^ind  ^.  These 
may  be  selected  in  very  many  different  ways,  and  the  for- 
iinulas  of  the  last  article  furnish  a  guide  how  to  do  this  so  as 
to  secure  a  high  degree  of  efficiency. 
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First,  it  is  seen  from  (167)»  that  the  approach  ai^Ie  a 
and  the  exit  angle  p  should  be  small,  but  that,  as  in  other 
wheels,  p  has  a  greater  influence  than  a.  However,  fi  must 
usually  be  greater  for  an  inward-flow  than  for  an  outward- 
flow  wheel  in  order  to  make  the  orifices  of  exit  of  sufficient 
size.  For  the  entrance  angle  <ji  a  good  value  is  90  degrees, 
and  in  this  case  the  velocity  u  is  always  that  due  to  one- 
half  the  head,  as  seen  from  (167)^.  The  radii  r  and  r^  should 
not  differ  too  much,  as  then  the  frictional  resistance  of  the 
flowing  water  and  the  moving  wheel  would  be  large.  It  is 
also  seen  that  the  efficiency  is  increased  by  making  the  exit 
depth  dt  greater  than  the  entrance  depth  d,  but  usually  these 
cannot  greatly  differ,  and  are  often  taken  equal- 
Secondly,  it  is  seen  that  the  dimensions  and  angles  shouM 
be  such  as  to  satisfy  the  formula  (167)^,  since  if  this  be  not 
the  case  losses  due  to  impact  at  entrance  will  occur  which 
will  render  the  other  formulas  of  little  value. 

As  a.  numerical  illustration  let  it  be  required  to  design  an 
outward-flow  reaction  turbine  which  shall  use  1 20  cubic  feet 
per  second  under  a  head  of  18  feet  and  make  100  revolutions 
per  minute.  Let  the  entrance  angle  ^  be  taken  at  90  de- 
grees, then  from  formula  (IST),  the  advantageous  velocity  of 
the  inner  circumference  is 

M=v'32,i6  X 18  =  24.06  feet  per  second, 

and  hence  the  inner  radius  of  the  wheel  is 

60x24.06 

f  =  .^ -_  =2.298  feet. 

2ff  X 100  ' 

Now  let  the  outer  radius  of  the  wheel  be  three  feet,  and  also 
let  the  depths  d  and  </,  be  equal;  then  from  (167), 

tanor     \3.ooo/  '' 

If  the  approach  angle  a  be  taken  as  30  degrees,  the  value  of 
the  exit  angle  /3  to  satisfy  this  equation  is  19**  48',  and  from 
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[167)f  the  hydraulic  efficiency  is  0.899.     ^fp  however,  a  be  24 
legrecs,  the  value  of  ^  is  1 5°  oS'  and  tho  hydrauhc  efficiency 
0,941 ;    these  values  ol  a  and  fi  will  hence  be  selected. 

The  depth  d  is  to  be  chosen  so  that  the  given  quantity  of 
cater  may  pass  out,  of  the  guide  orifices  with  tht;  proper 
rlocily.     This  velocity  is,  from  (!S7)„ 

If,  —  34.06/COS34''  — j6.34feet  persecotid; 

ind  hence  the  area  of  the  guide  orifices  should  be 

^^  =  120/26.34  "4.55S  square  feet, 

which  the  depth  of  the  orifices  and  TA'heel  is 

d^^.^^t/jkr  sin  a^^^^o.yj^  feet. 

16  a  check  on  the  computations  the  velocities  V  and  Vj^, 
ilh  the  corresponding  areas  a  and  a^,  may  be  found,  and  d 
again  determined  in  two  ways.     Thus, 

V  — T.',  sin  24**=  ro.71         l'i  =  Wj=-r*rt/r=-3T.i]2  ft.  per  sec. 


o  —  ijo/10,71  —  1 1. 204 


Tao/3x,4J  —  3. Sao  square  feet. 


d=  ii.304/2Jir  —  a.j'jb       d^  =  ^.S2o/2TzT^  sin^  — 0.776  feet- 

und  this  completes  the  preliminary  design,  which  should 
low  be  revised  so  that  the  several  areas  mny  not  includft 
le  thickness  of  the  guides  and  vanes  (Art.  169). 

Although  the  hydraulic  efficiency  of  this  reaction  tur- 
une  is  g4  percent,  the  practical  efficiency  will  probably  uot 
:ceed  80  per  cent.   Abcjnt  3  percetit  of  the  total  work  will 
lost  in  axle  friction.     The  losses  due  to  Ihe  friction  of 
the  water  in  passing  through  tlie  guides  and  vanes,  togft-her 
,iA4th  thai  of  the  wheel  revolving  in  water,  and  perhaps  also 
loss  in  leakage,  will  probably  amount  to  more  than  one- 
ith  of  the  total  work.     All  of  these  lossits  inllu<^ce  tl 
^vantageous  velocity,  so  tliat  a  test  '^ 
that  the  highest  cfTicicncy  woi 
lewhat  less  than  roo  revolution' 
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Prob.  I6S-  Design  an  inward-flow  reaction  turbine  which 
Ehall  use  no  cubic  feet  of  water  per  second  under  a  head  of  i% 
feet  while  making  loo  revolutions  per  minute,  taking  0  =  68*, 
a  — lo",  and  ^  =  Ji".     Also  taking  0  =  75**,  ff-is"*  ajid  ^=3o^ 


Art.  169.     Guides  an-d  Vanes 

The  discussions  in  the  last  two  articles  have  neglected 
the  thickness  of  the  guides  and  vanes.  As  these,  however, 
occupy  a  considerable  space,  a  more  correct  investigation  will 
here  be  made  to  take  them  into  account.  Let  t  be  the  thick- 
ness of  a  guide  and  n  their  number,  t^  the  thickness  of  a  vane 
and  n,  their  number.  Then  the  areas  a,,  a,  and  Oj  perpen- 
dicular to  the  directions  of  v^,  F,  and  V,  are  strictly 

4i,  =  (2ffr  sino:  -ttt)d         a  =  (3nr  sin^  —  n,tj)d 
(ii  =  (2rri  sin/?  — n,ii)<J, 

and  the  expressions  for  the  discharge  in  (167),  are 
and,  since  V,  equals  m„  these  give 

also,  the  necessary  condition  in  ( 167) ^  becomes 
sin(0— or)  _  a^r 

and  the  greatest  hydraulic  efficiency  of  the  turbine  when 
running  at  the  advantageous  speed  is  given  by 

T,'sin(0— a)  sin'J^ 
r"       sin^        cosa 

in  which,  of  course,  sin  {<f>  — «)/sin  0  may  be  replaced  by  its 
equivalent  a^ja-^-^.  The  advant^eous  speed  is,  as  before, 
given  by  (167^  . 
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To  discuss  a  special  cELse,  let  the  example  cf  the  laat 
article  be  again  taken.  An  outward-flow  turbine  is  to  be 
^iesigncd  to  use  120  cubic  feet  of  water  under  a  head  cf  iS 
feet  while  maldng  100  revolutions  per  minute,  the  gale  being 
"fully  opened.  The  preliminary  design  has  furnished  the 
values  r  =  a,*(j8  feet,  r,  =3,000  feet,  if  =  rf,  =0.776  feet, 
0=90°,  a=9A°,  ^  =  15°  08''  It  is  now  required  to  revise 
these  so  that  24  guides  and  56  vanes  may  be  introduced. 
Each  of  these  will  be  made  one-half  an  inch  thick,  but  on 
the  inner  circumference  of  the  wheel  the  vanes  will  be 
thinned,  or  rounded  so  as  to  prevent  shock  and  foam  that 
migbl  be  caused  by  the  eiitering  water  impinging  against 
their  ends  (see  Fig.  173*?).  If  the  radii  and  angles  remain 
unchanged,  the  effect  of  the  vanes  will  be  to  increase  the 
depth  of  the  wheel,  which  is  now  0.70^  feet  wide  and  0.776 
feet  deep.  As  these  are  good  proportions^  it  will  perhaps 
be  best  to  keep  the  depth  and  the  ladii  unchangei.1,  and  to 
see  how  the  angles  and  the  efficiency  will  be  affected. 

t  Since  the  vanes  are  to  be  thinned  at  the  inner  circumfer- 
ce,  tile  area  a  is  unaltered  and  its  value  is  simply  7v:rJ  sin^. 
Hence  ijt  remains  go  degrees,  and  l'  is  unchange<l.  This 
reqfiires  that  the  area  a  should  remain  the  same  as  before. 
The  area  a,  is  also  the  same,  as  its  value  is  q/ui.  Accord- 
ingly the  equations  result 

H    4.^$^  —  {2j:t  sina  —  24t)d        3. Sao  —  (asrfj  sin^  — 36(^^1 

•m  which  a  and  ^  are  alone  unknown.  Inserting  the  nu- 
merical values  and  solving.  a=iS°  J6'and^  =  i9^  55',  both 
being  increased  by  about  4I  degrees.  The  efficiency  is 
now  found  to  be  0.898^  a  decrease  of  0.043,  ^"^  to  the  intro- 
duction of  the  guides  and  vanes- 

The  efficiency  may  be  slightly  raised  by  making  the  outer 
depth  d,  greater  than  the  inner  depth  d.  For  instance,  let 
di  =o,Si6,  while  d  remains  0.776;  then  fi  is  fotmd  to  be  ig* 
06',  aud  ff  =  o.go6.     But  another  way  is  to  thin  dow"  '' 
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vanes  at  the  exit  circumference  and  thias  maintain  the  full 
area  0^  with  a  small  angle  ^,  If  this  be  done  in  the  present 
case  d^  may  be  kept  at  0.776  feet,  p  be  reduced  to  about  16 
degrees,  and  the  efficiency  will  then  be  about  0.92  oro-93. 

No  particular  curve  for  tl^e  guides  and  vanes  is  required, 
but  it  must  be  such  as  to  be  tangent  to  the  circmnferences 
at  the  designated  angles.  The  area  between  two  vanes  on 
any  cross-section  normal  to  the  direction  of  the  velocity 
should  also  not  be  greater  than  the  area  at  entrance;  in 
order  to  secure  this  vanes  are  frequently  made  much  thicker 
at  the  middle  than  at  the  ends  (see  Fig.  173e). 

Prob.  169a.  Find  the  advantageous  speed  and  the  probable 
discharge  and  power  of  the  turbine  designed  above  when  under 
a  head  of  50  feet. 

Prob-  1696.  Revise  the  design  of  Prob-  168  by  finding  the 
influence  of  16  guides  and  13  vanes  upon  the  radii  of  the  cir- 
cumferences and  the  depth  of  the  wheel. 

Art.  170,     Downward-flow  Turbines 

Downward-  or  parallel-flow  turbines  are  those  in  which 
the  water  passes  through  the  wheel  without  changing  its 


\ » /.  y  y  y  y 
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Fir..  1700 
distance  from  the  axis  of  revolution.  In  Fig,  I70a  is  a  semi- 
vertical  section  of  the  guide  and  wheel  passages,  and  also  a 
development  of  a  portion  of  a  cylindrical  section  showing 
the  inner  arrangement.  The  formula  for  the  discharge  can 
be  adapted  to  this  by  making  n^  =u.  In  this  turbine  there 
is  no  action  of  centrifugal  force,  so  that  the  relative  exit 


IT.  170 


DoW\WAftU-FLOW   Ti:RBt\E3 


459 


ilocity  l\  IS  cqunl  to  the  relEitive  entrance  vdocity  I'. 

rhe  great  advantage  of  this  form  of  turbine  is  that  it  can 
be  set  some  distance  above  the  tail  race  and  still  obtain  the 
power  due  to  the  total  fall.  This  distance  cannot  exceed  34 
fe,  the  height  of  the  water 
Ijaromcter,  and  usually  it  docs 
not  exceed  25  feet.  Fig.  1706 
sho^vs  in  a  diagrammatie  way  a 
cross-section  of  the  penstnck  P. 
L  the  guide  passages  fj,  the  wheel 
B^.  and  the  air-tight  draft  tube 
'  ^.  from  which  the  water  escapes 
W  a  gate  £  to  th<^  tail  nice.  The 
P^'essure-head  //,  on  the  exit  ori- 
'^ce  is  here  negative,  so  that  the 
w  pressure  eqiuvalent  to  this 
^^d  is  ad<ted  to  the  water  pres- 
^re  in  the  penstock,  and  hence 
the  discharge  through  the  guides 
^X:curs  as  if  the  wheel  were  set  at 
the  level  of  the  tail  race,  Slrict- 
4'  speaking  a  vacuum,  more  or 
^^as  complete,  is  formed  just  be- 
low the  wheel  into  wliich  the  water  drops  with  a  low  abso- 
tlute  velocity,  having  surrendered  to  the  wheel  nearly  all  its 
Gnei^,  Draft  tubes  are  also  often  used  with  inward-flow 
w 
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'bines  when  these  are  set  above  the  tail  race. 
Let  h  be  the  total  head  between  the  water  levels  :n  the 


head  and  tail  races,  h^  the  depth  of  the  entrance  orifices  of 
the  wheel  below  the  upper  level,  h^  the  vertical  height  of  the 
wheel,  and  h^  the  height  of  the  exit  orifices  above  the  tail 
race;  so  that  h^ht^-Vh^-^-hj.  Ltt  H  and  //,  be  the  heads 
which  measure  the  absohite  pressures  at  the  entrance  and 
exit  orifice  of  the  wheel,  and  h^  the  height  of  the  water  ba- 
er.     Let  v^  be  the  absolute  veJocitv  with  which   the 
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water  leaves  the  guides  and  enters  the  vajies,  and  V  and  V^ 
the  relative  velocities  at  entrance  and  exit.  Then  from  the 
theorem  of  energy  in  steady  flow  (Ait,  32), 

Adding  these  two  equations  there  results 

But  h^—Hi  is  equal  to  hj,  and  hence 

This  formula  is  the  same  as  (166)i  if  «  be  made  equal  to  w,, 
and  hence  all  the  formulas  of  the  last  three  articles  apply  to 
the  downward-flow  reaction  turbine  by  making  equal  the 
velocities  i*  and  u^,  as  also  the  radii  r  and  r^. 

Let  r  be  the  mean  radius  and  k  the  mean  velocity  of  the 
entrance  and  exit  orifices  of  the  wheel,  let  d  be  the  width  of 
the  entrance  orifices  and  d^  that  of  the  exit  orifices.  Let  a 
be  the  approach  angle  which  the  direction  of  the  entering 
water  makes  with  that  of  the  velocity  m,  or  the  angle  which 
the  guides  make  with  the  upper  plane  of  the  wheel  (Fig. 
ITfti) ;  let  ^  be  the  entrance  angle  which  the  vanes  make 
with  that  plane,  and  /?  the  acute  exit  angle  which  they  mate 
with  the  lower  plane.  Then  the  values  of  the  advantageous 
velocity  u  and  the  entering  velocity  v^  are 

tgh  sin(^-o:)  ^    I        gh  sin^ 

\   cosa  sin^  *     \cosa  Ein(^  — a) 

and  the  necessary  relation  between  the  angles  of  the  vanes 

and  the  dimensions  of  the  wheel  is 

Ein(^  —a)  _  d  sin«      a, 

sin^  d^  sin^      a^ 

while  the  hydraulic  efficiency  of  the  turbine  is 

a.sinHS    ,        d 
e  =  i  -2—- — ^=!i-rrtana  tan*^ 

To  these  equations  is  to  be  added  the  condition  that  the 
pressure-head  //,  cannot  be  less  than  that  of  a  vacuum,  and 
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on  account  of  iiir  leakage  it  must  be  practically  greater"  thus 

Hi>o        and        '^<^*^ 
that  is,  the  hexgiit  of  the  wheel  orifices  above  the  tail  race 
must  be  less  than  the  height  of  the  water  barometer. 

As  an  e:caraple  of  design,  let  */*  =  gQ°  and  ct  =  30**.  Then 
u=\'gh,  or  the  velocity  due  to  one-half  the  head;  and 
7J,  —  v^JgA,  or  a  velocity  due  to  two-thirds  of  the  head. 
From  the  above  formulas,  taking  if,  =9d,  the  value  of  /?  is 
23°  3S'  and  the  efTiciency  is  found  to  be  0.92-  Tiiis  \'alue 
will  be  lowered  by  the  introduction  of  guides  and  vanes,  as 
well  as  by  friction,  so  that  perhaps  not  more  than  o. So  will 
he  obtained  in  practice. 

Prnb- 17ftr-  A  downward-flnw  turbine  has  d  —  d^,  a  — t&*, 
fi=  15'*,  A  — 50  feet;  compute  the  angle  0,  the  best  speed,  and 
the  hydraulic  efficitmcy. 

Prob.  I70b.  A  downward-flow  turbine  with  draft  tube  has 
its  exit  orifjtes  7.5  feet  above  the  level  of  the  tail  race,  and  it 
■uses  87  cubic  feet  of  water  per  second  under  a  head  of  aj  feet. 
W>iat  horse-power  will  this  turbine  deliver  if  its  efficiency,  as 
measured  by  the  friction  brake,  is  76  percent? 

Akt.  171,     Impulse  Turbines 

Whenever  a  turbine  is  so  arranged  that  the  channels  be- 
tween the  vanes  are  not  fully  filled  with  water,  it  ceases  to 
act  as  a  reaction  turbine  and  becomes  an  impulse  turbine. 
A  turbine  set  aho%'e  the  level  nf  the  tail  race  becomes  an  im- 
pulse turbine  when  Ihe  gate  is  partially  lowered,  unless  the 
gates  are  anTingcd  over  the  exit  oriticea. 

The  velocity  with  w^hich  the  water  leaves  the  guides  in 
an  impulse  turbine  is  sim]^ly  v  2gftg,  where  h^  is  the  head  on 
the  guide  orifices.  The  rules  and  formulas  in  Art.  159  apply 
in  all  respects,  and  for  a  well-designed  wheel  the  entrance 
angle  ijt  is  double  the  approach  angle  a.  the  advantageouis 
speed  and  corresponding  hydraulic  efficiency  are 

'J  cos'a  V  rcosa  / 
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while  the  discharge  b  q  -floN/j^ft  and  llie  work  of  the  tur- 

biae  per  second  is  ^  ^  wqfr^e. 

As  itn  esampki  suppose  that  the  reaction  turbine  de- 
signed in  Art,  15S  were  to  act  as  an  impulse  turbine,  aad 
the  angles  a  and  ^  remaining  at  34**  and  1 5°  oS',  the  radii  r 
and  'i  being  j.398  and  3.000  feet.     It  would  then  be  neces* 
sary  that  ^  should  be  48**  instaid  of  90**  in  order  to  secure 
the  best  results.     Under  a  head  of  18  feet  the  velocity  of 
flow  from  the  guides  wuidd  be  34.02  feet  per  second  instead 
of  26,34.     The  velocity  of  the  inner  circumference  would  be 
18,63  feet  per  second  instead  of  14.06,  so  that  tlie  number 
of  revolutions  per  minute  would  be  about  77  instead  of  icm. 
The  eiHciency  would  be  0,96,  or  almost  exactly  the  same 
as  before.       If,  howev^er,  tbe  angle  tjt  were  to  remain  <jo', 
the  efficiency  would  be  materially  lowered,  since  then  the 
water  could  not  enter  tangentially  to  the  vanes  and  a  loss 
in  impact  wouli  necessarily  result- 
Impulse  turbines  revolve  slower  than  reaction  turbines 
under  the  same  head,  but  tlie  relative  entrance  velocity  V 
is  greater,  and  hence  more  energy  is  liable  to  be  spent  in 
shock  and  foam.     In  impulse  turbines  the  entrance  angle 
<jt  should  be  double  the  approach  angle  a,  but  in  reaction 
turbines  it  is  often  greater  than  3a,  and  its  value  depends 
upon  the  exit  angle  fi;  hence  the  vanes  in  impulse  turbines 
are  of  sharper  curvature  for  the  same  values  of  «  and  p.     In 
impulse  turbines  the  efficiency  is  not  lowered  by  a  partial 
closing  of  the  gates,  whereas  the  sudden  enlargement  of  sec- 
tion causes  a  material  loss  in  reaction  turbines.     The  advan- 
tageous speed  of  an  impulse  turbine  remains  the  same  for 
all  positions  of  the  gate,  but  with  a  reaction  turbine  it  is 
very  much  slower  at  part  gate  than  at  full  gate.     For  many 
kinds  of  machinery  it  is  important  to  maintain  a  constant 
speed  for  different  amounts  of  power,  and  with  a  reaction 
turbine  this  can  only  be  done  by  a  great  loss  in  efficiency. 
When  the  watj?r  supply  is  low  the  impulse  turbine  hence  has 
a  marked  advantage  in  eiTiciency.     A  further  merit  of  the 
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ilse  turbine  is  that  it  may  be  arranged  so  that  water 

Iters  only  through  a  part  of  the  guides,  while  this  is  impos- 

iLe  in  reaction  turbines.     On  the  other  hand,  reaction  tur- 

les  can  be  set  below  the  level  of  the  tail  race  or  above  it, 

ring  a  draft  tube  In  the  latter  case,  and  still  secure  tlie 

iwer  due  to  the  total  fall,  whereas  an  impulse  turbine  must 

"ahvays  be  set  above  the  tail-race  level  and  loses  all  the  fall 

ftween  that  level  and  the  guide  orifices, 
Prob.  Ilia.  Compare  lh&  fldvanlageous  speeds  of  impulse 
d  reaottfm  turbines  when  the  velocity  of  the  water  issuing  from 
;  guide  OTifices  is  the  same. 
Prub.  17Lt.  Design  an  outward-flow  impulse  turbine  which 
shall  use  t^o  cubic  feet  of  water  per  second  uuder  a  head  of 
i3  feet  and  mfike  ioq  revolutions  per  mmute.  Compare  th« 
dimensions  and  angles  with  those  of  the  reaction  turbine  de- 
ELgned  for  the  same  data  in  Art,  16S. 


I 


Art,  172.      Special  Devices 


Many  devices  to  increase  the  efficiency  of  reaction  tnr- 
bines,  particularly  at  part  gate,  have  been  proposed.  In 
the  Foumeyron  turbine  a  common  plan  is  to  divide  the 
wheel  into  three  parts  by  horizontal  partitions  between  the 
vanes  so  that  these  are  completely  filled  with  water  when 
the  gale  is  either  one-lhxrd  or  two-thirds  closed  {see  Fig, 
17Si/).     The  surface  exposed  to  friction  is  thus,  however, 

rterialty  increased  at  full  gate. 
The  Boyden  diifuser  is  another  device  used  with  out- 
ward-flow reaction  turbines.     This  consists  of  a  fLxcd  wooden 
annular  frame  D  placed  around 
the  wheel  IV,  through  which  the 
water  must  pass  after  exit  from 
the  wheel.     Its  width  is  about 
four  or  five  times  that  of  the 
wheel,  and  at  the  outer  end  its 
depth  becomesabout double  that  Fic.  Ija 

of  the  wheel.     The  effect  of  this  is  like  a  draft  tul 
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thoi^  tbe  absofaitc  wlocity  id  tbe  water  vHieo  -ssuing  fmm 
the  wbeel  is  greater  than  hdon,  the  abeohite  velocily^  of 
4be  water  oooiii^  out  <rf  the  difiuser  is  less,  and  hoicc  a 
^caterwDoantdf  eoerglf  isimpeTtcd  to  the  turbine,  hhas 
beea  sbcmn  abore  that  the  effickncy  of  a  leLiction  tnrliine 
is  infnased  by  imilcing  tbe  esdt  depth  d,  greater  xh&n  ibe 
entrance  depth  d,  and  the  &xed  difiuser  produces  tbe  same 
i^eaik.  By  the  ose  of  this  diSoser  Boyden  increased  the  ef 
Boencv  of  the  Foumeyroo  reaction  turbine  sevcr^  percei^t. 

The  pnemnatic  turbine  of  Girard  was  devised  to  ovcr- 
oocne  tbe  Loss  in  reaction  turtunes  due  to  a  partial  closiiigd 
the  gate.  Tbe  tuibjne  was  enclosed  iD  a  kind  of  bell  into 
which  air  could  be  pumped,  thus  lowering  tbe  tail-^Tater 
level  aimind  tbe  wheeL  At  part  gaite  this  punip  is  put  into 
action,  and  as  a  consequence  the  air  is  admitted  into  tlie 
wheel  and  tbe  water  flo-n-ing  through  it  does  not  &U  the 
spaces  between  the  vanes.  Hence  the  action  becomes  like 
that  of  an  impubc  turbine,  and  the  full  efhciency  is  inm- 
taioed.  A  wheel  thus  arranged  shoukl  property  have  tbe 
entrance  angk  ^  double  tbe  approach  angle  a  in  order  that 
the  ad\'antageous  speed  may  be  always  the  same. 

Turbines  *-iihout  guides  ha\-e  been  used.  Here  the  ap 
pTXjach  angle  a  is  probably  about  90  degrees.  a&  the  watfl" 
would  pfobably  approach  the  wheel  by  the  shortest  jiatii. 
The  entrance  angle  ^  would  then  be  made  greater  iban  0° 
degrees,  and  the  rcliatice  for  high  efficiency  must  be  rjpjn  J^ 
small  \-alue  of  Ihe  exit  angle  ^.  But  as  tliis  can  scait^lybe 
made  smalkT  than  15  degrees,  the  hydraulic  efficient' wiS 
rarely  exceed  So  percent,  which  by  friction  and  foam  will  id 
practice  be  reduced  to  about  65  percent. 

The  screT*'  turbine  consists  of  one  or  two  tums  of  a  bfl*- 
coidal  surface  around  a  vertical  shaft,  the  screw  being  e"' 
closed  in  a  cylindrical  case.  At  a  point  of  entrance  the 
downward  pressure  of  the  water  can  be  resolved  iiito  t^ 
components,  a  relalive  velocity  F  parallel  to  the  surf  ace  and 
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horizontal  velocity  «  which  corresponds  to  the  velocity  of 
the  wlieel-  At  the  ]ioiiil  of  exit  it  atn  be  resolved  m  like 
manner  into  V,  a.nd  h,.  But,  as  in  other  cases,  the  condi- 
tion for  high  efiiciency  is  «i  — V.^  and  sint*e  the  water  moves 
parallel  to  the  axis,  ti^  =  u.  Applying  the  general  formulas 
of  Art.  166,  it  is  seen  thai  this  ean  only  oci:ur  when  the  heiid 
h  is  zero  or  when  the  velocity  u  is  infinite.  The  screw  tur- 
l^e  is  hence  IJke  a  reaction  wheel,  and  high  efficiency  can 

rver  practically  be  obtained. 
Prob.  172a.  Consult    RUhlmann's     Maacliinenlehre,    vol.    i, 
pp.  360-435,  and  describe  a  scheme  for  "ventilating"  a.  tur- 

Cie  in  order  to  increase  its  efficiency, 
Prob.  I72f'.  Consult  Wcisbaeh's  Mechanics  of  Engineering, 
I,  ii  (Du  Hois'  translation),  and  make  sketches  of  a  rotary 
water- pressure  engine.  Show  that  its  action  depends  on  static 
pressure  only,  and  that  it  cannot  ba  comiidered  a$  either  an  im- 
pulse or  &  reaction  turbine. 


Art.  173.     The  Niagara  Turbines 


I  A  number  of  turbines  have  been  installed  at  Niagara 
balls,  N,  Y.,  for  the  utilization  of  a  portion  of  the  power  of 
the  great  falls.  Those  to  be  here  briefly  described  are  the 
ten  large  wheels  designed  by  Faesch  and  Picard,  of  Geneva, 
Switzerland,  and  erected  from  1894  to  igoo  for  the  Niagara 
vails  Power  Company.  The  entire  plant  is  to  include 
twenty-one  twin  outward-flow  reaction  turbines,  each  of 
tbout  5000  hotae-power.  It  is  located  about  li  miles  above 
ic  American  fall,  where  a  canal  leads  water  from  the  river 
rthe  wheel  pit.  The  water  is  carried  down  the  pit  through 
^1  penstocks  to  the  turbines,  whicli  are  placed  136  feet 
below  the  water  level  in  the  canal.  After  passing  through 
Bhe  wheels  the  waste  water  is  eonveyed  to  the  river  below 
the  American  fall  by  a  tunnel  7000  feet  long.* 

Fig-  173a  shows  a  cross-section  of  the  wheel  pit,  with  an 
end  viL'W  of  a  penstock,  wheel  ease,  and  shaft.     Fig.  I13b 

*  EasinwiJng  N"ewB,  189J,  vol  j;,  p.  74,  and  tBdj,  yoL  ?9,  p,  294, 
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exhibits   part  of  a    longi- 
tudinal section  of  the  wheel 

pit  and  a  side  view  of  two 

of  the  penstocks,  with  the 

eoclosing  cases  ami  shalts^^ 

of    the    turbines.       These 

figures  sliow  a  rock-surface 

wheel  pit,  but  this  surface 

was  later  protected  by  a 

brick  lining  having  a  thick- 
ness of    about    IS    inches. 

The  wullh  of  the  wheel  pit 

is  ao  feet  at  the  top  and  i6 

fe^t  at  the  bottom,  and  the 

cylindrical  penstock  is  7} 

feut  in  diameter.    The  shaft 

of  the  turbine  is  a  steel  tube 

38  inches  in  diameter,  built 
in  three  sections,  and  con- 
nected by  short  solid  steel 
shafts  II  inches  in  diameter 
which  revolve  in  bearings. 
At  the  top  ol  each  shaft  is 
a  dynamo  for  generating 
the  electric  power. 

In  Fig.  I73c  is  shown  a 
vertical  section  of  the  lower  «*^™^ic5!!a»» 
part  of  the  penstock,  sliaft. 
and  twin  wheels.  The  water 
fills  the  rasing  around  the 
shaft,  passes  both  upvrard 
and  downward  to  the  guide 
passages, marked  f7.  through 
which  it  enters  the  two 
wheels,  causes  them  to  re- 
volve, and  tiien  drops  down 
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to  the  tail  race  at  the  entrance  to  the  tunnel,  which  carrits 
it  away  to  the  river.  The  gate  for  relating  the  discharge 
is  5eeu  upon  the  outside  of  the  wheels. 


Fic,  173c 

Fig.  1 73d  gives  a  larger  vertical  section  of  the  lower  wheel 
with  the  guides^  shaft,  and  conneotirg  members.  The  guide 
passages^  markHi  (r,  and  the  wheel  ]>as5ages,  marked  W,  are 
triple,  so  that  the  latter  may  be  filled  not  only  at  full  gate, 
but  also  when  it  is  one-thJrd  or  two-thirds  opened,  thus 
avoiding  the  loss  of  energy  due  to  sudden  tnlargemont  of  the 
flowing  stream.  The  two  horizontal  partitions  in  the  wheel 
are  also  advantageous  in  strengthening  it.  The  rDocr  radius 
of  the  wheel  is  ^tj  inches  and  the  outer  radius  is  37  J  inches, 
while  the  depth  is  about  i*  inches.  In  this  figure  the  gales 
are  represented  as  closed. 

In  Fig.  I73t  is  shown  a  half-plan  of  one  of  the  wheels,  on 
a  part  of  which  are  seen  the  guides  and  vanes,  there  being  ji* 
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^^  the  former  and  33  of  the  latter.     The  value  of  the  ap- 
proach angle  a  is  19*^  06',  the  mean  value  of  the  entrance 


Fig,  17aJ 


^jigle  0  is  ito°  40',  and  the  exit  angle  j?  is  15"  ryj'.     Al- 
^Kiough  the  water  on  leaving  the  wheel  is  discharged  into  the 


r,  the  very  small  annular  space  between  the  guides  and 
vanes,  together  with  the  decreasing  area  between  the  vanes 
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from  the  entraticG  to  the  exit  orifices,  ensures  that  the 
wheels  act  hke  reaction  turbines  for  the  three  positions 
of  the  gates  corresponding  to  the  three  horizontal  stages. 

The  average  discharge  throi^h  one  of  these  twin  tur- 
bines is  about  430  cubic  feet  per  second,  and  the  theoretic 
power  due  to  this  discharge  is  6645  horse-powers.  Hence 
if  5000  horse-powersbeutilized  the  efficiency  is  75.2  percent 
Under  this  discharge  the  mean  velocity  in  the  penstock  is 
nearly  10  feet  per  second,  but  the  loss  of  head  due  to  fricticai 
in  the  penstock  will  be  but  a  small  fraction  of  a  foot.  The 
pressure-head  in  the  wheel  case  is  then  practically  that  due 
to  the  actual  static  head,  or  closely  141 J  feet  upon  the  lower 
and  130  feet  upon  the  upper  wheel.  Although  the  penstock 
is  smaller  in  section  than  generally  thought  necessary  for 
such  a  large  discharge,  the  loss  of  head  that  occurs  in  it  is 
insignificant ;  and  it  will  be  seen  in  Fig,  173ff  to  be  connected 
with  the  head  canal  and  with  the  wheel  case  by  easy  curves, 
and  that  its  section  is  enlarged  in  making  these  approaches. 

A  test  of  one  of  these  wheels,  made  in  1895.  showed  that 
5498  electrical  horse-powers  were  generated  by  an  expendi- 
ture of  447-2  cubic  feet  of  water  per  second  under  a  head  of 
135. T.  The  efiiciency  of  the  dynamo  being  97  percent,  the 
efficiency  of  the  wheel  and  approaches  was  82*  percent. 
The  water  was  measured,  when  entering  the  penstock,  hy  a 
current  meter  of  the  kind  illustrated  in  Art.  40, 

From  formula  (167)^  the  advantageous  velocity  of  the 
inner  circumference  of  the  upper  wheel,  taking  h  =  130!  feet, 
is  found  to  be  6S.S8  feet  per  second,  and  that  for  the  lo^^f 
wheel,  taking  //  =  i4ii  feet,  is  found  to  be  71.73  feet  per 
second.  Perhaps  the  mean  of  these,  or  70.31  feet  per  second, 
closely  corresponds  with  the  advantageous  velocity  for  Ihe 
two  combined.  The  number  of  revolutions  per  minute  for 
the  confiition  of  maximum  efficiency  is  then  closely  350. 
The  absolute  velocity  of  the  water  when  entering  the  wlieel 
is  about  66  feet  per  second,  so  that  the  pressure-head  in  the 
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gu:ie  pj.ssages  of  the  upper  va— ,  : 
TTj^r.  absolute  velocity  of  -hr  ~^"-'  -r  ~ 
i?:--:-  u:  ig  feet  per  secor.:,  r:  ".:— "  .— - 
at-.-.::  4  percent  of  the  toT:^:  '-=:-^ 

Tr.t  "^leight  of  the  djrji:::     __  -    - 
Trh^n  the  wheels  are  ir.  :::  -.  i. 
1::l'  waiter  in  the  svhetl  li.-^     -    ,   ' 
uppiT  wheel.     The  m—'--  _.  -: 
this  purpose,  perforii^-r:     -     /. 
trtinsmitted  throi^h  ::      "-   "  . 
"b-e  seen,  and  the  b^lir. .:-  :  -    -  - 
di=k,  on  the  other  hi-  :    . 
up' in  it  is  carried  >yL-:    :r  -    - 
^\-h\ch  together  wi:h  :'■  -  -  -' 
j^ink-rs.     At  the  '"r.'-.r  -- 
tn  rt'ccive  the  ex:-;  — 

cither  upwa^rd  •'-   1 ,-"".  -  _- .    _       - 
power  and  sj^f:: 

-\  goveTTi<".r  : :  "  - 
flnd  lliis  is  I<Jc:i:^  '.:■''--     .  - 
tht'  centrifug:il-' i."  -   '-     r 
shaft  and  th'j  v.r-  .-- 
clr>seii  whenev':7  : —  .' 
pales  are  s^*  \^\  ": '  . " 
whi'cls  are  r't  '  "  .   ,.  ■  -    . 
vance  of  th-r     '.'  - 
Mage,     The  rv  .1    " . 
scr\"c  as  a  !:y-" -.■-' 
methoci  of  rvL":"/.-.-  '  -    .' 

increase  ir/  v-.  ■/'  i'   -     ' 

work  is  ^u'Mer."  ■  r  — 

Tlie  abov'j ':^H-.r":    -  - 
pit  X'P,  J.     Th*;  :::---■-:'     -       - 
Tjnits  1,  2,  \,T.'\  V,  "■'::  ■-    -     -      - 
Units  4  to  HJ  ir,:/j>:-. V         :.; 


the  penstock  and  wheel  c^se 
which  rest  on  massive  m^^"^' 
ui  the  side  walls.     This  arrange 
icpporttng  girders  shown  inFig^- 
gr^alCT  rigidity  to  both  penstocV^ 


«- 


wheel  pit,  called  No.  2,  W^^ 
riitfaeiBstallation  of  units  11-21  was  c>*^' 
"ftc»  **^eeb  have  penstocks  and  slialti*^^ 
-  '-auCSl-IO.tnit  the  wheels  are  of  the  Jo*-"-" 
MD^  imrard  and  downward.      The  wht?^^ 
1  etittened  sphere,  the  water  enterix'^  £ 
-'-f.r^  ihruugh  the  guidt-s  to  a  sin^X^ 
-L-terand  23,5  inches  deep.     AfL--^^^ 
:i»  vaita-  passes  to  two  dntft  tubes,  eatf=* 
L  dmwmer,  and  is  discharged  near  t*^^^* 
St  as  angle  of  45"  to  the  horizont   =^^^' 
pit.    Tbe  wheel  case  is  supported  on  the 
4S  lA  two  legs,  while  the  penstock  is  su 
I  tbe  same   way  as   those    of   uni 
ti^tes  the  head  on  the  wheel  is 
being  the  difference  from  the  wat^^^  *" 
X  to  Uat  in  the  titil  race.     The  ba     ^' 
tfa&wh««1s.  and  are  supported  fror""^'^ 
of  from  the  penstock.     Eac  ^^^^ 
mtff^6m^  «**  ««  nil  stop-bearing  which  is  d 
iCianBmy.  the  entire  revolving  weigh- 
15»  ntvohalions  per  minute. 

hydTaulic  efficiency  of  the  t 

the  velocity  t%  with  which  tb^^ 
4Bd  the  velocity  v^  with  which  it 
«ltel9«fd  i*  a$ty  revolutions  per  mitiiite. 

tfficimey  of  a  reaction  wheel  untJer' 
Ibe  r7i^[ii£  of  the  exit  orifices  is- 
of  vrlocity  0,9s,  and  the  number 


ac  :*» 
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Prob.  173^.  Compute  the  discharge  through  a  reaction  tur- 
bine for  which  r,  =  o,64  and  r  =  i.oo  meters,  0^  =  0.32,  0  =  1. a6, 
0,^0,47  square  meters,  when  the  coefficient  of  discharge  is 
0.95  and  the  wheel  makes  aao  revolutions  per  minute. 

Prob.  l7Sd.  Design  an  outward-flow  reaction  turbine  which 
shall  use  S  cubic  meters  of  water  per  second  under  a  head  of 
13-4  m^ters^  taking  the  entrance  angle  0  as  90  degrees. 

Prob.  173^.  A  dynamo  delivering  4100  kilowatts  has  an 
efficiency  of  97-5  percent,  while  the  efficiency  of  the  turbine  is 
8X.3  percent  and  that  of  the  approaches  to  the  turbine  is  99^7 
percent.  The  turbine  is  of  the  Jouval  type,  and  the  difierence 
between  the  levels  of  head  and  tail  race  is  14.4  meters.  How 
majiy  cubic  meters  of  water  are  used  per  second? 
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CHAPTER  XV 
NAVAL  HYDROMECHANICS 

Art.  174.     General  Prikciples 

In  this  chapter  is  to  be  disciisaed  in  a  brief  and  elementary 
manner  the  subject  of  the  resistance  of  water  to  the  motioo 
of  vessels,  and  the  general  hydrodynamic  principles  relating 
to  their  propulsion.  The  water  may  be  at  rest  and  the  ves- 
sel in  mo'tion — or  both  may  be  in  motion,  as  in  the  case  of  s. 
boat  going  up  or  down  a  river.  In  either  event  the  velocity 
of  the  vessel  relative  to  the  water  need  only  be  considered, 
and  this  will  be  called  v.  The  simplest  method  of  propul- 
sion is  by  the  oar  or  paddle ;  then  come  the  paddle  wheel, 
and  the  jet  and  screw  propellers.  The  action  of  the  wind 
■upon  sails  will  not  be  here  discussed,  as  it  is  outside  of  the 
scope  of  this  book- 

The  unit  of  measure  used  on  the  ocean  is  generally  the 
nautical  mile  or  knot,  which  is  about  6080  feet,  so  that  knots 
per  hour  may  be  transformed  into  feet  per  second  by  multi- 
plying by  T-69,  and  feet  per  second  may  be  transformed  into 
knots  per  hour  by  multiplying  by  0.59a.  On  rivers  the 
speed  is  estimated  in  statute  miles  per  hour,  and  the  corre- 
sponding multipliers  will  be  1.47  and  0,682. <  One  kilometer 
per  hour  equals  0.621  miles  per  hour  or  0.91  feet  per  second- 
On  the  ocean  the  weight  of  a  cubic  foot  of  water  is  to  be 
taken  as  about  64  pounds  (it  is  often  used  as  64. 3a  pounds, 
so  that  the  numerical  value  is  the  same  as  2g),  and  in  rivers 
at  62.5  pounds- 

The  speed  of  a  ship  at  sea  is  roughly  measured  by  obser- 
vations with  the  log,  which  is  a  triangular  piece  of  wood 
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itiachcd  to  fl  cord  which  is  divided  by  tags  into  lengths  of 
itM:n]t  50J  fet.     The  log  being  thrown  into  tlie  water,  it  re- 
ts stationary,  the  ship  moves  away  from  it,  and  the 
number  of  tags  run  out  in  half  a  minute  is  coimled;  this 
number  is  the  same  lls  the  number  of  knots  per  hour  at 
which  the  ship  is  moving,  since  503  feet  is  the  same  part  of 
H  knot  that  a  half  minute  is  of  an  hour.     The  patent  log, 
which  is  a  small  self -recording  current  meter,  drawn  in  the 
„  water  behind  the   Jihip,    is   however   now  generally   used, 
BLhis  being  rated  at  intervals   (Art.  40),     lo  experimental 
Bork  more  accurate  methods  of  measuring  the  velocity  are 
Necessary,  and  for  this  purpose  the  boat  may  run  between. 
jbuojTi  whose  distance  apart  has  been  found  by  tri angulation 
measured  bases  on  shore. 

When  a  boat  or  ship  is  to  be  propelled  through  water, 
le  resistances  to  be  overcome  increase  with  its  velocity, 
consequently,  as  in  raihv^ad  trains,  a  practical  limit  of 
is  soon  attained.     These  resistances  consist  of  three 
-the  dynamic  pressure  caused  by  the  relative  velocity 
the  boat  and  the  water,  the  frictional  resistance  of  the 
surface  of  the  boat,  and  the  wave  resistance.     The  first  of 
Hiese  can  be  entirely  overcome,  as  indicated  in  Art.  146,  by- 
giving  to  the  boat  a  "  fair  "  form,  that  is,  such  a  form  that 
the  dynamic  pressure  of  the  impulse  near  the  bow  is  bal- 
anced by  that  of  the  reaction  of  the  water  as  it  cli:»scs  in 
fcrovmd  the  stem.     It  will  be  supposed  in  the  following  piiges 
^hat  the  boat  has  this  fomv  and  hence  this  first  resistance 
leed   not  be   further  considered.     The   second   and  third 
>urce5  of  resistance  will  be  discussed  later. 

The  total  force  of  resistance  which  exists  when  a  vessel 
propelled  with  the  velocity  v  can  be  ascertained  by  draw- 
tg  it  in  tow  at  the  same  velocity,  and  placing  on  the  tow 
line  a  dynamometer  to  register  the  tension.     An  experi- 
ment by  Froudeon  the  Greyhound,  a  steamer  of  1157  tons, 
ive  for  the  total  resistance  the  following  figures:* 

■  Theiirle'i  TlieurHJcal  Khvq]  Aidiittclure  (LuDdua,  1B7S),  p,  3^7. 
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.which  r  is  the  hydraulic  radius  and  j  the  slope  of  the  water 
Face.     Now  inserting  for  rs  its  value  Irom  funnulii  (I06j, 
!  there  results 

'in  which  w  is  tlie  weight  of  a  cubic  foot  of  water  and  c  is  the 
coefficient  in  the  Chezy  formula.,  the  values  of  which  are 

rgiven  in  Chapter  IX  and  the  accompanying  tables.     Itias- 

Imuch  as  the  velocities  along  the  bed  of  a  channel  are  some- 
Tthat  less  tlian  the  mean  velocity  Vj  Lhe  values  of  F  thus 
determined  will  probably  be  slightly  greater  than  the  actual 

■Tes;5tance, 

For  smooth  iron  pipes  the  following  are  values  of  the 

^frictional  resistance  in  pounds  per  square  foot  of  surface  at 
different  velocities,  as  computed  from  the  above  formula: 

Velucily,  feul  p«  second  =2  4  6  10  J3 

for  1  fool  dianieieT,  F— o-o?3       o.oSo      0,17      0.43      0.92 

for  4  left  diameter,  J^— 0.015      <J.053      on       o-?a      o.jg 

Tliese  figures  indicate  that  the  resistance  is  subject  to  much 
variation  in  pipes  of  different  diameters;  it  is  not  easy  to 
conclude  from  them,  or  from  formula  (ICMJ),  what  the  force 
c£  resistance  J5  for  plane  surfaces  over  which  water  is  moving. 

Experiments  made  by  moving  flat  plates  in  still  water  so 
that  the  direction  of  motion  coincides  with  tlie  plane  of  the 
surface  have  furnished  conclusions  regarding  the  laws  of 
fluid  fricljon  similar  to  those  deduced  from  the  ilow  of  water 
TQ  pipes.  It  is  found  that  the  total  resistance  is  approxi- 
H  mately  proportional  to  the  area  of  the  surface,  and  approxi- 
mately proportional  to  the  square  nf  the  velocity.  Accord- 
ingly the  force  of  resistance  per  square  foot  may  be  written 

F^fi'\  (175) 

in  which  v  is  the  velocity  in  feet  per  second  and  ^  is  a  number 
depending  upon  the  nature  of  the  siuface,  The  following 
are  average  values  of  f  for  large  surfaces.as  given  byUnwin  :* 

*  Hncyi.'1u]i(edi;'  Bdluiiiuca,  Kiutb  Ediliun,  vcL.  u,  p.  4S3, 
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Varnished  surface^  /  —  o.ooa^o 

Painted  and  planed  plank,  /  =  o.oo339 

Surface  of  iron  ships,  /  — 0.00351 

Fine  sand  surface.  /  =  o.oo405 

New  well-painted  iron  plate,  /  — 0.00473 

Undoubtedly  the  value  of  /  is  subject  to  variations  with  the 
velocity,  but  the  experiments  on  record  are  so  few  that  the 
law  and  extent  of  its  variation  cannot  be  formulated.  It 
should,  however,  be  remarked  that  the  formulas  and  con- 
stants here  given  do  not  apply  to  low  velocities,  for  the  rea- 
sons given  in  Art.  116.  At  the  same  time  they  are  only  ap- 
proximately applicable  to  high  velocities.  A  low  velocity 
of  a  body  moving  in  an  unlimited  stream  may  be  regarded 
as  I  foot  per  second  or  less,  a  high  velocity  as  25  or  30  feet  per 
second. 

It  may  be  noted  that  the  above-mentioned  experiments 
indicate  that  the  value  of  F  is  greater  for  small  surfaces  than 
for  large  ones.  For  instance,  a  varnished  board  50  feet  long 
gave/ =  0.00?  50,  while  one  30  feet  long  gave/ =  0.002  78,  and 
one  8  feet  long  gave  /  =  0.00325.  the  motion  being  in  all  cases 
in  the  direction  of  the  length.  The  resistance  is  the  same 
whatever  be  the  depth  of  immersion,  for  the  friction  is  unin- 
fluenced by  the  intensity  of  the  static  pressure.  This  is 
proved  by  the  circumstance  that  the  flow  of  water  in  a  pipe 
is  found  tn  depend  only  upon  the  head  on  the  outlet  end. 
and  not  upon  the  pressure-heads  along  its  length. 

The  fnctiona]  resi'itance  of  a  boat  or  ship  may  be  roughlv 
estimated  by  taking  0.004;'^  and  multiplying  it  by  the  im- 
mersed area.  For  instance,  if  this  area  be  8000  square  feet, 
the  frictioHLil  resistance  at  a  velocity  of  10  feet  per  second 
is  3200  pounds,  but  at  a  velocity  of  20  feet  per  second  it  is 
12  3oo  pounds;  the  horse-powers  needed  to  overcome  these 
resistances  are  58  and  464  respectively.  To  these  must  be 
added  the  power  necessary  to  overcome  the  friction  of  the 
r  and  that  wasted  in  the  production  of  waves. 
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The  above  discussion  refers  to  the  case  of  boats  moving; 
in  the  ocean  and  kikes  or  in  a,  strcjiim  of  large  width  and. 
depth.  In  a  canal  the  resistance  is  much  greater,  and  it 
depends  upon  the  ratio  o(  the  cross-section  of  the  canal  to 
that  of  the  immersed  portion  of  the  boat.  When  the  width 
of  the  canal  is  about  five  times  that  of  the  boat  and  the  area 
o£  its  cross-section  about  seven  times  that  of  the  boat,  the 
resistance  is  but  slightly  greater  thiin  in  an  unlimited  stream. 
Por  smaller  ratios  the  resistance  rapidly  increases,  and  wlien 
two  boats  pass  each  other  in  a  small  canal  the  utmost  power 
of  the  horses  may  be  severely  taxed.  The  reason  for  this 
increased  resistance  appears  to  be  largely  due  to  the  fact 
that  the  velocity  of  the  water  relative  to  the  boat  increases 
vrith  the  diminution  of  the  cross-section  of  the  canal. 
Thus,  if  a  and  A  be  the  areas  of  the  cross-section  of  the 
canal  and  of  tlie  immersed  part  of  the  boat,  the  effective 
arta  of  the  water  cross-section  is  a  — A,  and  the  water  flow- 
ing backward  through  thi5  area  must  have  a  higher  relative 
^'elooity  as  A  increases  The  value  of  F  given  by  formula 
(175)  is  accordingly  increase*!  to  fv^/(i  —  [A/a)y. 

Prob.  1753.  What  horse-power  i?  required  to  overcome  the 
frictional  resistance  of  a  hoa.t  moving  at  the  rate  of  p  kncjtH  per 
hour  when  the  area  of  its  immersed  surface  is  320  square  feet? 

Prob.  1756.  A  canal  has  a  cross-section  of  _^6q  square  feet, 
while  that  of  ft  canal  boat  is  60  square  feet.  Show  that  when 
two  hoBXa  pans  each  othtr  tlie  resistance  of  eaeh  i^  iticrea^ed 
«bcFUt  60  percent. 


Art,  170.    Work  Required  tor  Propulsion 

When  a  boat  or  ship  moves  through  still  water  with  a 
velocity  v,  it  must  overcome  the  pressure  due  lo  impulse  of 
the  water  and  the  resistance  due  to  the  friction  of  its  surface 
on  the  water  and  air.  If  the  surface  be  properly  cun^ed, 
there  is  no  resultant  pressure  due  to  impulse,  as  shown  in 
Art.  146.  The  resistance  cau??ed  by  friction  of  the  im- 
mersed surface  on  the  water  can  be  estimated,  as  explained 
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above.  If  -4  be  the  ajea  of  tliis  surface  in  square  feet,  the 
work  per  second  rcqiared  to  o\"ercor[ie  this  resistance  is 

k~AFv~fAv'  (176) 

The  work,  and  hence  the  horse-power,  required  to  move  a 
boat  accordingly  varies  approximately  as  tlie  cube  of  its 
velocity.  By  the  help  of  the  values  of  f  given  in  the  last 
article  an  approximate  estimate  of  the  work  can  be  made 
for  particular  cases.  The  resistance  of  the  air,  wliich  in 
practice  must  be  considered,  will  be  here  neglected. 

To  illustrate  this  law  let  it  be  required  to  find  how  many 
tons  of  coal  will  be  used  by  a  steamer  in  making  a  trip  of 
30D0  miles  in  0  days,  when  it  is  known  that  800  tons  are 
used  in  making  the  trip  in  10  days.  -\s  the  power  used  is 
proportional  to  the  amount  of  coal,  and  as  the  distances 
travelefl  per  day  in  the  two  cases  are  500  miles  and  300 
miles,  the  law  gives 

whence  T  ='i2io  tons.  By  the  increased  speed  the  expense 
for  fuel  is  increased  377percent,  while  the  time  is  reduced  40 
percent.  If  the  \"aluc  of  wages,  maintenance,  interest,  etc, 
saved  on  account  o£  the  reduction  in  time,  will  balance  the 
extra  expense  for  fuelj  the  increased  speed  is  profitable. 
That  such  a  compensation  occurs  in  many  instances  is  ap- 
it  from  the  constant  efforts  to  reduce  the  time  of  trips 

passenger  steamers. 
When  a  boat  mo\'es  with  the  velocity  f  in  a  current 
which  has  a  velocity  h  in  the  same  direction  the  velocity  of 
the  boat  relative  to  the  water  is  t-w.  and  the  resistance  is 
proportional  iQ{v-tt)^m\d  the  work  to  (v  —  w)'.  If  the  boat 
ninves  in  the  opposite  direction  to  the  current  the  relative 
velocity  is  v-^u.  and  of  course  f  must  be  greater  than  ti  or 
no  prepress  wouM  be  made.  In  all  cases  of  the  application 
of  the  ftimmlas  of  this  article  and  the  last,  v  is  to  be  taken 

the  N'elocilv  of  the  boat  relative  to  the  water. 
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Another  source  of  resistance  to  the  motion  of  boats  and 
ships  is  the  production  of  waves.  This  is  due  in  part  to  a 
different  level  of  the  water  surface  along  the  sides  of  the  ship 
due  to  the  variation  in  stfitic  prcssuR?  mused  by  the  velocity, 
and  in  part  to  other  causes.  It  is  plain  that  waves,  eddies, 
and  foam  cause  energy  Ut  be  [lissijiated  in  heat,  and  that 
thus  a  portion  of  the  work  furnished  by  the  engines  of  the 
boat  is  lost.  This  source  of  loss  is  supposed  to  consume 
frorn  lo  to  40  porcenL  of  the  total  work,  and  it  is  known  to 
increase  with  the  velocity.  On  accoimt  of  the  uncertainty 
regauling  this  resistance,  as  well  as  those  due  to  the  friction 
of  the  water  and  air.  practical  computations  on  the  power 
required  to  move  boiits  at  given  velocities  can  only  be  ex- 
pected to  furnish  approximate  results. 

The  investigations  of  Rankine  on  this  difficult  subject 
led  to  the  conclusion  announced  in  1858  in  the  anagram 
given  in  Prob.  i-  Tlie  meaning  of  this  is  given  in  the  fol- 
lowing sentence,  pubhshed  in  rS6i:  "The  resistance  of  a 
sharp-ended  ship  exceeds  the  resistance  of  a  current  of  water 
of  tlie  same  velocity  in  a  channel  of  the  same  length  and 
mean  girth  by  a  quantity  proportional  to  the  square  of  the 
greatest  breadth  divided  by  the  square  of  the  length  of  the 
bow  and  stem." 

Prob.  17tJa-  How  many  tonE  of  coal  are  required  l<3  make  a 
itrip  in  4  "^ays  if  ^5^  tons  are  used  m  making  the  trip  in  5  days? 
Prob.  I76A.  Compute  the  horse-pdwer  required  to  maintain 
n  velocity  of  iS  knots  per  hour,  taking  -■1^7473  square  feet 
,and  />=  0.004.. 


Art.  177.     Thb  Jet  PROPELtEii 

The  method  of  jet  propulsion  consists  in  allowing  water 
ito  enler  the  boat  and  acquire  its  velocity,  uml  tlien  to  eject 
it  backwiirds  at  the  stem  by  means  of  a  pump.     The  reac- 
tion thus  produced  propels  the  boat  forward.    To  investigate 
[the  efficiency  of  this  method,  let  W  be  the  weight  of  water 
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ejected  per  second,  Y  its  velocity  relative  to  the  boat,  and  -j 
the  velocity  of  the  boat  itself.  The  absolute  velocity  of  the 
issuing  water  is  then  V ^\\  and  it  is  plain  without  further 
di^ussion  that  the  maximum  efTicicncy  vHll  be  r^btained 
when  this  is  o<  or  when  1""=  v,  as  then  there -^^ill  benoenei^ 
remaining  in  the  water  which  is  propelled  backward.  It  is, 
however,  to  be  shown  that  this  condition  can  never  be  real- 
i£cd  and  that  the  efiiciency  of  jet  propulsion  is  low. 

The  effective  work  which  is  exerted  on  the  boat  by  the 
reaction  of  the  issuing  w  ater  is 

g 

and  the  work  lost  in  ihe  absolute  velocity  of  the  water  is 
The  sum  of  these  is  the  total  theoretic  wodc  or 


fr-ir 


K-U' 
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Tlier^fon;  the  cfficieticy  of  jet  propulsian  is  expressed  by 

A        ^ 

This  twv^vnes  eqwO  to  unity  wben  f  =  K  as  before  indicated, 
b«i  then  rt  K  9wn  thai  ibe  ^>5ric  k  b^rormes  o  unless  U"  is 
ictfiRitc.  TT«  \id^3/t  of  U*  is  auX',  if  a  be  the  area  of  ihe  on- 
tk«s  throogh  which  the  wmtcrts ejected; and  hence  in  order 
to  niftko  <  vtXX$  Vkd  at  ibe  snne  tifce  perform  work  it  is 
iMOOSwy  thftt  dtfaer  V  or  «  sbouU  be  infinity.  The  jet 
pnfnttor  U  Uiarelbc«  Ite  a  rmctwa  wheel  (An.  163),  and  it 
U  leca  i^na  oovptttUA  tk^t  tbe  fonsuki  for  efficiency  is 
U»s>o»in  thrtwocMW 

By  vquuinf  the  abow  value  of  the  tsefol  work  to  thai 
«t>biM>idia  iholigamcte  there  is  foqpd 
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and  if  this  be  solved  for  V,  and  the  resulting  value  be  substU 
tuted  in  the  fomiulii  for  e,  it  reduces  to 

2-\-Vi  +  UfgA/wa) 

-which  again  shows  that  e  approaches  unity  as  the  ratio  of  a 
to  A  increases.  The  area  of  the  orifices  of  discliarge  must 
hence  he  very  large  in  order  to  realize  both  high  power  a,nd 
high  efficiency.  For  this  reason  the  propulsion  of  vessels 
by  this  method  has  not  proved  economical,  althcmgli  in  the 
case  of  the  boat  Waterwitch<  built  in  England  about  i36oj 
A  fair  speed  was  attained.  In  nature  the  same  result  is 
seen,  for  no  marine  animal  except  the  cuttle-fish  uses  this 
principle  of  propulsion.  Even  the  cuttle-fish  cannot  de- 
pend upon  his  jet  to  escape  from  his  enemies,  but  for  this 
Tches  upon  his  supply  of  ink  with  which  he  durkens  the 
water  about  him. 

Prob-  177.  Compute  the  velocity  and  efficiency  of  a  jet  pro- 
peller driven  by  a  i-inch  nozzle  under  a  pressure  of  150  pounds 
per  square  inch  when  .4  =  1000  square  feel  and  f=  0-004.  Com- 
pute also  the  efficiency'  when  the  diameter  of  the  nozzle  is  3 
inches* 

Art.  178.      Paddle  Wheels 

The  method  of  propulsion  by  rowing  and  paddhng  is  well 
known  to  till.  The  power  is  furnished  by  mustzuJar  energy 
within  the  boatn  the  water  is  the  fulcrum  upon  wluch  the 
blade  of  the  oar  acts,  and  the  force  of  reaction  tlius  produced 
is  transmitted  to  the  boat  and  urges  it  forward.  If  water 
were  an  unyielding  substance,  the  theoretic  efTiciency  of  the 
oar  should  be  Timty,  or,  as  in  any  lever,  the  work  done  by 
the  force  at  the  rowlock  should  equal  the  work  performed 
by  the  motive  force  exerted  by  the  man  on  the  handle  of 
the  oar.  But  as  the  waiter  is  yielding,  some  of  it  is  driven 
backward  by  the  blade  of  the  oar,  and  thus  energy  is  bst. 

The  paddle  or  side  wheel  so  extensively  used  in  river 
na\'igatioii  is  similar  in  principle  to  the  oar.     The  power 
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is  furnished  by  a  motor  within  the  boat,  the  blades  or  vaaes 
o£  the  wheel  tend  to  drive  the  water  backward,  and  the  reac- 
lior  ihus  produced  urges  the  boat  forward.  On  first  thought 
it  might  be  supposed  tliat  the  efficieiicy  of  the  method  would 
he  governed  by  laws  similar  to  those  of  the  undershot  wheel, 
and  such  would  be  the  case  if  the  vessel  were  stationary  and 
the  wheel  were  used  as  an  apparatus  for  mo\'ing  the  water. 
In  fact,  however,  the  theoretic  eliiciency  of  the  paddle  wheel 
is  much  higher  than  that  of  the  undershot  motor. 

The  work  exerted  by  the  steam-engine  upon  the  paddle 
wheels  may  be  represented  by  FV,  in  which  P  is  the  pressure 
produced  by  the  vnnes  upon  the  water,  and  V  is  their  ve- 
locity of  revolution ;  and  the  work  actually  imparted  to  the 
boat  may  be  represented  by  Pt\  in  which  v  is  its  velocity 
with  respect  to  the  water.  Accordingly  the  efRciency  of 
the  paddle  wheel,  neglecting  losses  due  to  foam  and  waves,  is 


'=V 
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in  wiiich  r,  is  the  difference  V  —  v,  cw  the  so-called  "slip,"  If 
the  shp  be  o,  the  velocities  V  and  v  are  equal,  and  the  theo- 
retic efhciency  is  unity.  The  value  of  V  is  determined  from 
the  radius  r  of  ihe  wheel  and  its  number  of  revolutions  per 
second  i  thus  V  —  ajtrn. 

On  account  of  the  lack  of  experimental  data  it  is  difficult 
to  give  information  regarding  the  practical  efficiency  of  pad- 
dle wheels  considered  from  a  hydromechanic  point  of  view^ 
Owing  to  the  water  which  is  lifted  by  the  blades,  and  to  the 
foam  and  waves  produced,  much  energy  is  lost.  Tliey  are, 
however,  very  ad\"antageous  on  account  of  the  T\?adiness 
with  which  the  boat  can  be  stopped  and  reversed.  When 
the  wheels  are  driven  by  separate  engines,  as  is  stmiotimes 
done  on  river  boats,  perfect  control  is  secured,  as  they  can 
be  revolved  in  opposite  directions  when  dedred.  Paddle 
wheels  with  feathering  blades  are  more  efficient  than  those 
with  fixed  radial  ones,  btii  practically  they  are  found  to  be 
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cnimbersome,  ami  liable  to  get  out  of  order.  In  ocean  navi- 
gation  the  screw  hiis  now  almost  entirely  replaced  the  paddle 
Tvhee]  on  account  of  its  higher  efficiency, 

Prob.  17S-  The  radius  of  the  blades  of  a  paddle  wheel  is 
IO-5  ieci  and  the  number  of  revolutions  per  minule  is  14.  If 
the  eRiciency  is  75  percent,  what  is  the  velixKly  of  the  boat  in 
miles  per  hour  ?  Show  that  for  this  case  the  slip  15  33  percent 
oi  the  velocity  of  the  boat. 


Art.  T79,     Tptk  Screw  PRapsiXER 

The  screw  propeller  consists  of  several  helicoidal  Wadea 
attached  at  the  stem  of  a  vessel  to  the  end  of  a  horizontal 
shaft  wlilch  is  made  to  revolve  by  steam  power  The  dy- 
namic pressure  of  the  reaction  developed  between  the  water 
and  the  helicoidal  surface  drives  the  vessel  forwardn  the  theo- 
retic work  of  the  screw  being  the  product  of  this  pressure 
l)y  the  distance  traversed.  The  pitch  of  the  screw  is  the 
distance,  parallel  to  the  shaft,  between  any  point  cm  a  helix, 
End  the  corresponding  ^>oint  on  the  same  helix  after  one  turn 
around  the  axis,  and  the  pitch  may  be  constant  at  all  dis' 
"lances  from  the  axis,  or  it  may  be  variable.  If  the  water 
■were  unpclding,  the  vessel  would  advance  a  distance  equal 
"to  the  pilch  at  each  revolution  of  the  shaft;  actually,  the 
^vance  is  less  than  the  pitch,  the  difference  being  called  the 
*'slip/*  The  effect  thus  is  that  the  pressure  /^existing  be- 
Tiween  the  helical  surfaces  ani  the  water  moves  the  vessel 
wih  the  velocity  v,  while  the  theoretic  velocity  which  should 
^xrcur  is  V.  being  the  pitch  of  the  screw  multipHeii  by  the 
number  of  revolutions  per  second.  The  work  expended  is 
liCTJce  PVorPiv-^Vj),  if  tf^  be  the  "slip" per  second. and  the 
'work  utilized  is  Pi'.  Accordingly  the  efficiency  of  screw 
propulsion  is,  approximately, 

V 
""tj  +  Vi 
which  is  the  same  expression  as  before  found  for  the  paddJe 
wheel.      Here,  as  in  the  last  article,  ail  the  pressure  exerted 
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by  tlie  blafles  upon  the  water  is  supposed  to  act  baclo^-ard 
in  a  direction  parallel  to  the  shaft  of  the  screw,  and  the  above 
conclusion  is  apprnximatc  because  this  is  actually  not  the 
case,  and  also  because  the  action  of  friction  has  not  been 
considered. 

The  pressure  P  which  is  exerted  by  the  helieoidal  blades 
upon  tlie  water  is  the  same  as  the  thrust  or  stress  in  the  shaft, 
and  the  value  of  this  may  be  approximately  ascertained  by 
regarding  it  as  due  to  the  reaction  of  a  stream  of  water  of 
cross-section  a  and  velocity  v.  or 

Another  expression  for  this  may  be  found  from  the-indicated 
work  k  of  the  steam  cyKnders  of  the  engines;  thus 

P  =  k/v 

Numerical  values  computed  from  these  two  expressions  do 
not,  however,  agree  well,  the  latter  giving  in  general  a  much 
less  value  than  the  former. 

In  Art.  176  the  wrirk  to  be  performed  in  propelling  a 
vessel  of  fair  form  having  the  submerged  surface  A  was 
found  to  be 

k-rjAv' 

If  the  value  of  v  is  taken  from  this  and  inserted  in  the  ex- 
pression for  effieieney,  thc?re  obtains 


which  shows  that  e  increases  as  v^,  f,  and  A  decrease,  and 
as  k  increases.  Or  for  given  values  of  /  and  .4  tlie  efficiency 
decreases  with  the  speed. 

It  has  been  observed  in  a  few  instances  that  the  "  slip" 
Vi  is  negative,  or  that  V.  as  computed  from  the  number  of 
revolutions  and  pitch  of  the  screw,  is  less  than  v.  This  is 
probably  due  to  the  circumstance  that  the  water  around 
the  stem  is  following  the  vessel  with  a  velocity  i/,  so  that 
the  real  slip  is  V—v-^-v'  instead  of  K-  v.     The  existence 
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of  negative  slip  is  usually  regarded  aa  evidence  of  poor 
^  design. 

^M  In  some  cases  twin  screws  are  used,  as  with  these  the 
^1  vessel  can  be  more  readily  controlled.  Fig.  179  shows  the 
V  twin  screws  of  the  New  York,  an  ocean  steamer  of  5  So  feet 


I 


Fig.  179 

length,  03,5  feet  breadth,  and  42  feet  depth,  with  a  gross 
tonnage  of  10  500  and  an  estimated  horse-power  of  about 
16  000.  These  screws  revolve  in  opposite  directions.  The 
practical  advantage  of  the  screw  over  the  paddle  wheel  has 
been  found  to  be  very  great,  and  this  is  probably  due  to  the 
cii-cumstance  that  less  energy  is  wasted  in  hfting  the  water 
and  in  forming  waves- 

Prob.  1T9  A  steamer  having  a  submerged  surface  of  30  ooo 
square  feet  is  propelled  at  iS  knots  per  hour  by  an  expenditure 
□f  6000  horse-powers-  If  the  pitch  of  the  Kcrew  is  ao  feel,  its 
number  of  revolutions  lao  per  minute,  and  /  =  o,oo4i  compute 
the  number  of  lost  horse-powers. 


Art.  ISO.     Stability  op  a  Ship 

In  Art,  14  the  general  principles  regarding  the  stability 
of  a  floating  body  were  stated,  and  these  are  of  great  im- 
portance in  the  design  of  ships  The  center  of  gravity  is, 
of  course,  always  above  the  center  of  buoyancy,  and  the 
metacenter  nniat  be  above  the  center  of  gravity  in  order  to 
ensure  stability.  The  distance  between  the  metacenter  and 
the  center  of  gravit>-  is  denoted  by  m,  and  if  the  body  be  in- 


«8 


Navai,  HTDRouECtt.^:ca 


dkiied  slightly  U>  tbe  vertic^  at  the  angle  d,  the  Tnomenl  d 
the  coupje  formed  by  the  weight  W  of  the  body  which  acts 
downward  Ihrwugh  the  center  of  gra\'ity  and  the  upward 
pvcssurc  U'  of  th«  displaced  water  which  acts  through  the 
center  oJ  buoyancy-  is  Wm  tan  9.  Hence  m  tan  (?  is  a  measure 
of  the  stability  of  the  body,  and  the  greater  its  value  the 
greater  is  the  lendency  of  the  body  to  return  to  the  upri^l 
posiuon. 

The  metacentric  height  m  cannot,  however,  be  made  very 
great,  for  th«  rapidity  of  rolling  increases  with  it.  When  a 
floating  body  or  ship  is  displaced  from  its  vertical  position 
il  rolls  to  and  fro  with  isochronous  oscillations  tike  those 
of  a  pendulum  and  the  time  of  one  oscillation  from  port 
to  starboard  is  gi\-en  by  tfae  fonnula 

in  which  r  is  the  radius  of  gyration  of  the  weight  of  the  ship 
about  a  horizontaJ  axis  passing  through  its  center  of  gravity. 
Hence  if  m  be  large  '  U  small  and  the  ship  rolls  quickly, 
but  if  m  be  small,  i  is  large  and  the  ship  rolls  slowly.  I'Tib 
metacentric  height  m  for  ocean  vessels  usually  ranges  from 
fl  to  15  feet,  about  ft  or  S  feet  being  the  usual  value. 


Tbe  determination!  of  the  values  of  w  and  r  for  a  si 
a  laborious  process  o^-ing  to  its  cur\'ed  shape  and  the  irregu-j 
lar  distribution  of  its  u'eighl  and  cai^o.  The  process  will 
here  be  applied  to  the  simple  case  of  a  rectangular  prism  of 
uniform  density.  Let  A  be  the  height  and  b  the  breadth 
<rf  the  prism,  and  /  iu  length  perpendicular  to  the  plan© 
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the  drawing  in  Fig.  ISOa,  When  the  prism  is  in  tjie  ver- 
deal  position  its  depth  of  flotation  is  sh,  if  5  be  its  specific 
ravity  (Art.  13),  and  this  is  also  the  length  of  the  immersed 
-ion  of  the  axis  AB  when  the  prism  is  inchned  to  the 
rrtical  at  the  angle  &,  as  in  Fig,  180&.  In  the  latter  posi- 
tion the  center  of  buoyancy  D.  being  the  center  of  gravity 
of  the  displaced  water,  is  easily  located,  and 
L  b^  tanfl  sh 

y  = 


13Sh 


&'  tan'fl 


are  its  coordinates  with  respect  to  B,  x  being  measiired  nor- 
mal and  y  parallel  to  AB.  The  distance  m  from  the  center 
r  gravity  g  to  the  metacenter  M  is  then  found  to  be 


If  m  is  positive  the  metacenter  is  above  the  center  of  gravity 
and  the  equilibrium  is  stable,  for  tlie  moment  Wm  tanfl  re- 
stores the  prism  to  the  vertical  position;  if  w  is  zero  the 

»^e«.|uilibriiim  is  indifferent;  if  iti  is  negative  the  equilibrium 

Es  unstable  and  the  prism  falls  over. 

H      The  square  of  the  radius  of  gyration  of  the  prism  with 

respect  to  a  horizoTTtal  longitudinal  axis  through  G  is  its 

polar  moment  of  inertia  T't^(^''  +  ^^^"y  divided  by  its  volume 

iW,  whence  r*  ~  ^^{h^+b*).     For  example,  li  k  besfeet,  fr  be 

Ik  feet,  and  s  be  0.5,  the  value  of  r"  is  7.4a  feet'.     The  value 

of  Ht  to  be  used  in  the  above  formula  for  the  time  of  one 

^x>ll  is  that  obtained  by  making  ff  equal  to  zero,  since  that 

■(ormula  is  strictly  true  only  for  small  deviations  from  the 

verticaJ,     For  the  above  data  this  \'alije  of  m  is  +0.88  feel, 

the  plus  sign  denoting  stability,  and  hence  tJie  time  of  one 

oscillation  from  port  to  starboard  is  f  -1.61  seconds.     It  is 

seen  that  t  can  be  increased  either  by  increasing  r'  or  bv  do- 

^kreasifig  w;  since  a  decrease  in  "i  is  unfavtjrable  to  stability 

^t  is  often  preferable  to  increase  rV      !■' or  instance,  in  loading 

a  ship  the  cargo  may  be  placed  along  the  sides  rather  than 

lear  the  middle  of  the  hold,  and  this  will  increase  r",  as  the 
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Width  of  a  ship  h  always  greater  than  its  depth.  The  gen- 
era] rule  to  promote  stabJhty  and  prevent  quick  rolling  is 
hence  to  place  the  cargo  a3  far  as  possible  from  the  center 
of  gravity, 

The  abn\'e  formula  for  tn  shows  that  the  moment  \Vm 
tan^  which  restores  the  floating  prism  to  the  vertical  in- 
creases with  the  angle  ff  up  to  a  maximum  value,  then  de- 
creases, and  when  D  am\-es  vertically  beneath  G  it  becomes 
zero  and  the  prism  upsets.  For  the  case  where  ft  =5  feet, 
b=  &  feet,  and  s  =  0,5,  the  value  of  m  ta.aO  is  0.00  feet  for 
tf  —  o^p  0.16  feet  for  0=  lo'*,  0.37  feet  for  fl—  20"*,  and  0.72 
feet  for  3  =  30° ;  at  fl  =  32°  the  comer  of  the  prism  becomes 
immersed  so  tliat  the  formula  no  longer  holds,  but  up  to  this 
point  the  moment  constantly  increases.  From  the  above 
expression  for  »t  the  solution  of  the  two  cases  of  Prob,  14 
is  readily  made,  but  the  condition  given  for  the  second 
case  holds  good  only  when  no  part  of  the  top  of  the  prism 
is  immersed. 

Prob.  ISOiJ.  Deduce  the  above  values  of  x,  y,  and  m. 

Prob.  lEOb.  An  open  rectangular  wooden  box  caisson  o£ 
length  I,  breadth  b.  and  depth  d  has  sidcH  of  mean  thickness  bi 
and  a  bcittom  of  thitkness  li,.  Deduce  frjrmulfLs  for  the  meta- 
centric  height  m  and  the  squared  radius  of  gyration  r'.  Com- 
pute m.  r'.  and  t  for  a  numerical  case. 

Art-  ISl.      AcTio^J  op  the  Rudder 

The  action  of  the  rudder  in  steering  a  vessel  involves  a 
principle  that  deserves  discussion.     In  Fig.  Ifil  is  shown  a 

plan  of  a  boat  with  the  rudder 
turned  to  the  starboard  side,  ai  an 
angle  fl  with  the  line  of  the  keeL 
The  velocity  of  the  vessel  being  u, 
the  action  of  the  water  upon  tlie 
rudder  is  the  same  as  if  the  vessel 
Ptg.  181  wore    at    rest    and    the    water  in 

motion  with  the  \-elocity  v.     Let  W  be  the  weight  of  water 
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which  produces  dynamic  pressure  againjst  the  rudder,  due 
to  the  impulse  IT,  vjg  (Art,  143).  The  component  of  this 
pressure  normal  to  the  rudder  is 

and  its  effect  in  turning  the  vessel  about  the  center  of  gravity 
C  is  measured  by  its  moment  with  reference  to  that  point. 
Let  h  be  the  breadth  of  the  rudder  and  d  the  distance  CU  be- 
tween the  center  of  gravity  and  the  binge  of  the  rudder,  then 
the  lever  arm  of  the  force  P  is 

and  accordingly  the  turning  moment  is 

Af  -  \W{b  sinff+d  ^\r\in)vlg 

To  deterrnine  that  value  of  fl  which  produces  the  greatest 
effect  in  turning  the  boat  the  derivative  of  M  with  respect  to 
%  must  vanish,  which  gives 


and  from  Ihis  the  value  of  Q  is  found  to  be  approximately 
45°,  since  d  is  always  much  larger  than  6. 

Values  of  the  angle  fl  for  several  values  of  the  ratio  hjd 
may  now  be  computeii  as  follows : 

m=        \  *  T^  Tib  o 

C06J-D.6S35      0,6916      a6tM;      o.yrjfiy      0.7071 
^-46-58'     4fi°i5'      46°™'     At*^^'         45' 

which  show  that  about  45*^  Js  the  advantageous  angle- 
In  practice  it  is  usua.1  to  arrange  the  mechanism  of  the 
rudder  so  that  it  can  only  be  turned  to  an  angle  of  about  43" 
with  the  keel,  for  it  is  found  that  the  power  required  to  turn 
it  the  additional  j"  or  4°  is  not  sufficiently  compensated 
by  the  slightly  greater  moment  that  would  be  produced. 
The  reasoning  also  shows  that  intensity  of  the  turning  mo- 
ment increases  with  v^  so  that  the  rudder  acts  most  promptly 
when  the  boat  is  moving  rapidly.     For  the  same  reason  a 
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rudder  on  a  steamer  propelled  by  a  screw  is  not  required  lo 
be  so  broad  as  one  on  a  boat  driven  by  paddle  wheels,  for  the 
effect  of  the  screw  is  lo  increase  the  velocity  of  the  im- 
pinging water,  and  hence  also  to  increase  the  dynamic  pres- 
sure against  the  rudder. 

Prob.  ISI,  Explain  how  it  is  that  a  bgat  can  sail  against  the 
wind.     What  is  the  influence  of  the  keel  in  this  motion? 


Art.  182-     TroES  /md  Waves 


The  conoplete  discussion  of  the  subject  of  waves  might, 
like  so  many  other  branches  of  hydrauhcs*  be  expanded 
so  as  lo  embrace  an  entire  treatise,  and  hence  there  can  be 
here  given  only  the  briefest  outline  of  a  few  of  the  most  im- 
portant principles.  There  are  two  classes  or  kinds  of  waves, 
the  first  including  the  tidal  waves  and  those  produced  by 
earthquakes  or  other  sudden  disturbances,  and  the  second 
those  due  to  the  wind.  The  daily  tidal  wave  generated  by 
the  attraction  of  the  moon  and  sim  originates  in  the  South 
Pacific  (^cean.  whence  it  travels  in  all  directions  with  a  \''e- 
locity  dependent  upon  the  depth  of  water  and  the  configu- 
ration of  the  continents,  and  which  in  some  regions  is  as  high 
as  lOQO  miles  jier  hour.  Striking  against  the  coasts,  the 
tidal  waves  cause  currents  in  inlets  and  harbors,  and  ;f  the 
circumstances  were  auch  that  their  motion  could  become 
uniform  and  permanent,  these  might  be  governed  by  the 
same  laws  which  apply  to  the  flow  of  water  in  channels. 
Sucli,  however,  is  rarely  the  case;  and  accordingly  thi.'  sub- 
ject of  tidal  currents  is  one  of  much  complexity  and  not 
capable  of  general  formulation. 

The  velocity  of  a  tidal  wave  on  the  ocean  is  \^gD  where 
P  is  the  depth  of  the  water.  When  such  a  wave  rolls  over 
the  land  the  greatest  velocity  it  can  have  is  \^gd,  where  d 
is  its  depth,  this  being  the  case  of  the  bi>re  tArt.  133j,  The 
velocity  of  a  wave  produced  by  a  sudden  disturbance  in  a 
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channel  of  uriform  width  hns  also  been  found  to  hc^/gD 
where  D  is  the  depth  of  the  water. 

Rolling  waves  produced  bythewmd  travel  svilh  a  velocity 
which  is  small  comp^ired  with  those  above  noted,  although 
in  water  where  the  disturbance  can  extend  to  the  bottom  it 
is  generaJly  supposed  that  their  velocity  is  '^gO.     Upon 


the  ocean  the  maximum  length  of  such  waves  Is  estimated 
at  550  feet  and  their  velocity  at  about  5,1  feet  per  second. 
For  this  class  of  wAves  it  is  found  by  observation  that  each 
particle  of  water  upon  Ihe  surface  moves  in  an  elhptic  (jr 
circular  orbit*  whose  time  of  revolution  is  the  same  as  the 
time  of  one  wave  length.  Thus  the  particles  on  the  crest 
of  a  wave  are  m^>ving  forward  in  tlie  direction  of  the  mo- 
tion of  the  wave  while  those  in  the  trough  are  moving  back- 
ward. When  such  waves  advance  into  shallow  water  their 
len^h  and  speed  decrease,  but  the  time  of  revolution  of  the 
particles  in  their  orbits  remains  unaltered,  and  as  a  conse- 
queiKHf  the  slopes  become  steeper  and  the  height  greater, 
until  finally  the  front  slfipe  becomes  vertical  and  the  wave 
breaks  with  roar  and  foam.  Below  the  surface  the  particles 
revolve  also  m  elliptic  orbits,  which  grow  smaller  in  size 
toward  the  bottom.  The  curve  formed  by  the  vertical  sec- 
lion  of  the  surface  of  a  wave  at  right  angles  to  its  length  is 
of  a  cycloidal  nature. 

The  force  exerted  by  ocean  waves  when  breaking  against 
sea  walls  is  very  great,  as  already  mentioned  in  Art-  146,  and 
often  proves  destructive.  If  walls  can  be  built  so  that  the 
waves  are  reflected  without  breiikjng,  as  is  sometimes  possible 
in  deep  water,  their  action  is  rendered  less  injurious.  Upon 
the  ocean  waves  move  in  the  same  direction  as  the  wind,  but 
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ig  shore  it  is  obser^'ed  that  they  move  normally  toward 
it,  whate\"cr  may  be  the  direction  in  which  the  wind  is  blow- 
ing. The  force  of  wave  action  is  fell  at  depths  of  over  loo 
feet  below  the  surface,  for  sand  has  been  brought  up  from 
depths  of  So  feet  and  dropped  upon  the  decks  of  vessels. 
Shoals  also  cause  a  ma.rked  increase  in  the  height  of  waves 
e\^ii  when  such  shoals  are  500  feet  or  more  below  the 
water  surface. 

Prob,  lS2d.  In  a  channel  6.5  feet  wide,  and  of  a  depth  de- 
creasing 1-5  fe«t  per  1000  feel,  Bazin  generated  a  wave  by  sud- 
denly admiiLing  water  al  the  upper  end.  At  points  where  the 
d*pihs  were  J.16.  t  S5.  1.46,  and  0.80  feel,  the  velocities  were 
ol^erved  to  be  S.70.  S.67,  7. So,  and  6.69  feet  per  second.  Do 
these  velocities  agrve  with  the  theoretic  law? 

Prob.  lS2b.  Show  that  the  values  of  /  given  in  Art.  175  for 
nse  in  the  formula  F— ji^  are  to  be  multiplied  by  5,355  when  p 
is  in  meters  per  second  and  F  in  kilograms  per  square  meter. 

Ptob,  lS2i\  Compute  the  metric  horse-power  required  for 
a  velocity  of  »5  kilometers  per  hour  for  a  host  which  has  a 
submerged  area  of  jj?  £<iuare  meters. 

Pfoh,  ISii-  AshiproDs  from  Starboard  toport  in  7, jsecoadfi. 

1£  the  metacentrii:  height  m  is  a. 4  meters,  what  is  the  value  of 
the  transverse  radius  of  gj-ration  o(  the  ship?  How  much  must 
the  radius  ot  gyration  be  mcreased  in  order  to  increase  the  tinie 
of  rolling  15  pci«al? 
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PUMPS  AND  PUMPING 


Art,  1S3,     Gekeral  Notes  awd  Prwcipleb 

Among  the  simple  devices  for  raising  water  that  have 
been  used  for  many  centuries,  and  which  may  be  called  lift 
pumps  in  a  gcncTnl  way,  arc  the  sweep  and  windlass,  buckets 
attached  to  a  revolving  wheeL  the  chain  and  bucket  pump 
v-'here  the  buckets  move  in  a  cylintier,  and  the  Archimedian 
screw.  The  chain  and  bucket  pump  was  probably  first  used 
by  the  Chinese  in  the  form  of  an  inclined  trough  in  which 
moved  tlic  buckets  attached  to  the  endless  chain,  and  this 
device  in  various  forms  has  been  used  in  all  countries  for 
Hting  water  from  wells.  The  Archimedian  screw,  inverter] 
by  the  great  engineer  Archimedes  when  he  wbs  in  Egypt, 
about  340  s.C-  consists  of  a  tube  wound  spirally  around  an 
inclined  cylinder,  if  the  lower  end  be  placed  under  water 
and  tlie  cylinder  be  revolved  the  water  is  lifted  and  flows  out 
of  the  upper  end  of  the  tube.  This  screw  pump  is  still  in 
use  in  Egypt  and  it  is  said  to  he  an  efficient  apparatus  for  a 
low  lift. 

The  fact  that  water  would  sometimes  rise  into  a  space 
from  which- the  air  had  been  removed  was  known  at  a  re- 
mote antiquity-  and  this  was  frequently  explained  by  the 
statement  that  ^'nature  abhors  a  vauuum."  It  was  not 
until  the  midtJle  of  the  seventeenth  century  that  the  true 
reason  of  this  phenomenon  was  explained  through  Ihe 
researches  of  TorriceUi  ami  Pascal  (Art,  5).  but  prior  to  this 
time  a  rude  form  of  suction  pump,  mn.dc  by  attaching  a 
pipe  to  a  bellows  at  the  opening  where  the  air  usually  enters, 
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was  used  in  both  France  and  Germary.  In  1731  the  first 
true  sui'tioii  and  lilt  pump  was  demised  by  Boulogne^  and  a 
Ktile  later  tht  suction  and  force  pump  came  into  tise. 

The  force  pump  is  a  device  for  raising  water  by  means 
of  prvfisiire  exerled  on  it  by  a  piston-  The  syringe,  which 
ttas  been  known  from  vcty  early  times,  is  an  example  of 
this  principle,  but  the  first  true  force  pump  was  invented 
in  Egypt  about  350  b.c,  by  Ctesibius,  aGreek  hydrauhcian, 
and  the  description  of  it  given  by  \'itru\'ius  indicates  that  it 
was  used  to  some  extent  by  the  Romans,  The  early  fg>rce 
puii)[%  were  plactd  with  their  cylinders  below  tlie  level  of 
the  \\-aicr  10  be  lifted  and  had  \'alves  which  closed  under  the 
liarl^  pressure  of  tlie  water,  Dy  placing  the  cylinders  above 
the  wuter  level  and  utilizing  the  principle  of  suction  the 
suction  and  force  pump  originated. 

AU  devices  for  raising  water  may  be  classified  under  the 
ihree  principles  above  mentioned,  that  (.jf  lifting  in  buckets, 
drdwiug  it  up  by  suction,  or  forcing  it  up  by  pressure,  or 
\tmUrT  t^Jmbinations  of  these.  The  lift  or  bucket  principle 
U  nittinly  employed  for  small  quantities  of  water  and  has 
only  A  limited  use  in  engineering  practice.  The  suction 
prmeipW.  combined  witli  lift  or  pressure,  is  extensively  used, 
but  ill  no  event  can  the  height  of  the  suction  exceed  34  feet, 
ft*r  it  is  the  atmospheric  pressure  that  causes  the  water  to 
rise  when  the  air  above  it  is  exhausted ;  under  this  principle 
lJiH>  iTiay  be  put  injector  pumps  which  operate  under  the 
«-tk»^  negative  pressure-head  (Art.  32)^  The  principle  of 
Oin&t  pressure  Kovems  TK)t  only  the  force  pump,  but  rotary 
at&d  cwitrifugfll  piunps  and  also  the  devices  for  raising  water 
l^y  uuiupreiised  air. 

Vflwnever  water  is  raised  from  a  lower  to  a  higher  lovd 

ill  mu^nt  of  work  must  be  expended  greater  than  the 

^ic  work  required  to  Uft  the  given  weight  of  water 

^t-ti(^h  iht  given  lieight.     The  excess,  called  the  lost  work, 

'*   ill  0\'ercoming  resistances  of  friction  and  inertio. 

^  -nj;  pumps  it  is  the  object  to  reduce  these  Tosses 
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to  a  minimum,  so  that  the  greatest  economy  in  nperiition 
may  result.  Thi?  subject  will  here  be  mainly  considered 
from  a  hydraulic  standpoint,  the  object  being  to  set  forlli  the 
fundamental  principles  by  which  hydraulic  losses  rnay  be 
avoided  as  far  as  possible. 

Lei  IV  he  the  weight  of  water  raised  per  second  and  h 
the  height  of  the  lift,  then  the  useful  work  per  second  k  is 
IVh.  Let  the  total  work  expended  per  second  be  called  A.', 
then  the  efficiency  of  the  apparatus  is  e  =k/K.  The  work 
A'  to  be  considered  here  is  that  dehvered  to  the  pump  and 
does  not  include  that  lost  in  transmission  from  the  motor, 
since  this,  of  course,  is  not  fairly  chargeable  against  the 
pump  or  lifting  apparatus.  If  K  he  replaced  by  {V(h  -^k') 
where  h'  is  the  head  lost  in  overcoming  the  frictional  resist- 
ances, then  the  efficiency  may  be  written 
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which  is  less  than  unity,  since  /;'  cannot  be  made  zero. 

The  power  required  to  operate  a  pump  to  raise  the  weight 
W  oi  water  per  second  through  the  height  k  is  easily  com- 
puted if  the  efficiency  of  the  pump  is  known.  For  ex- 
ample, to  raise  150  gallons  per  second  through  a  height  of 
30  feet  with  a  pump  having  an  efficiency  of  ti  percent,  the 
work  imparted  to  the  pump  per  second  is 

K  =k/e''{i$oX^.35SX2o)/o.62  ^i$  000  foot-pounds 

and  tliis,  divided  by  550,  gives  45,5  horse-powers. 

Prob.  lS3/r.  What  is  the  efficienpy  of  a  hucket  pump  which 
raises  840  gallons  cf  water  per  minute  through  a  height  of  18 
feet  with  an  ejcpenditure  of  5  horse-powers? 

Prob.  lS3ii,  A  pump  raises  30.5  cubic  feetof  water  per  setiond 
through  a  height  of  137.5  feet.  The  lost  head  in  the  pump  and 
pipes  amounts  to  13,5  UeU  Compute  the  eEBciency  of  the  pump- 
ing plant  and  the  power  required  to  operate  it. 
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Art.  184.     RAisrNC;  Water  by  Suction 

The  term  suction  is  a  misleading  one  unless  it  be  clearlv 
kept  in  mind  that  water  will  not  me  ina  vacuum  tube  unless 
the  atmospheric  pressure  can  act  underneath  it.  Fr>r  ex- 
ample, no  amount  of  rarefaction  above  the  surface  of  the 
water  in  a  glass  bottle  will  cause  that  water  to  rise.  When 
the  tube  is  inserted  into  a  river  or  pond,  howe%^r.  the  water 
will  nsc  in  it  when  a  partial  vacuum  is  formed,  since  the 
atmospheric  pressure  which  is  transmitted  through  the 
water  pushes  it  up  until  equihbrium  is  secured  (Art.  6).  J 
The  mean  atmospheric  pressure  of  14.7  pounds  per  square 
inch  at  the  sea  level  is  equivalent  to  a  height  of  water  of 
34  feet,  and  this  is  the  limit  of  raising  water  by  suction  I 
alone.  In  practice  this  height  cannot  be  reached  on  account 
of  the  impossibility  of  producing  a  perfect  vacuum,  and  it  is 
found  th:tt  labout  aS  feet  is  the  maximum  pnicticable  height 
of  suction  lift.  M 

The  height  of  the  water  barometer  varies  witli  tbe 
state  of  the  weather,  with  the  elevation  above  sea  level, 
and  with  the  temperature.  The  value  of  34  feet  is  that 
corresponding  to  a  reading  of  30  inches  on  the  mercury 
barometer  at  a  temperature  of  32°  Fahrenheit.  For  higher 
temperatures  more  or  less  vapor  is  evaporated  from  the 
water  surface  and  fills  the  suction  tube,  so  that  a  complete 
T^'acuum  cannot  be  formed.  When  the  mercury  barometer 
reads  jo  inches,  ihe  water  barometer  is  only  33,4  feet  if 
the  temperature  of  the  w^iiter  is  &□''  Fahrenheit.  33.4  feet 
at  90^  about  30  feet  for  i3o°,  about  23  feet  for  160**,  about 
6  feet  for  ?do°,  and  for  aii°  it  is  zero,  since  the  tube  is  tilled 
with  steam.  Hence  water  at  the  boiling-point  cannot  be 
raised  by  suction. 

Fig.  184  gives  two  diagrams  illustrating  the  principle 
of  action  of  the  common  suction  and  lift  pump.  It  consists 
of  two  vertical  tubes  RD  and  BE,  the  former  being  called 
the  suction  pipe  and  the  latter  the  pump  cylinder.     The 


AkT.  1S4 


Raibisg  Water  bv  Suctio^j 


499 


m 


piston  .4  in  the  pump  cylinder  has  a  valve  opening  upward, 
and  the  viilve  H  at  tin?  top  of  the  suction  pipe  also  opens 
upward.  In  the  left-hand 
diagram  the  piston  is  de- 
scending, the  valve  A  be- 
ing open  and  B  being 
dosed  under  the  pressure 
of  the  air  in  the  space  be- 
tween them.  In  the  right- 
hand  diagram  the  piston 
is  ascending,  the  valve  A 
being  closed  by  the  pres- 
sure of  the  air  or  water 
above  it,  while  B  is  open 
owing  to  the  excess  of  at- 
ospheric  pressure  in  BD 

hove  that  in  AB.     In  the  P'^-  ^^ 

first  diflgram  the  piston  has  made  only  one  or  two  strokes 
so  that  the  water  has  risen  but  a  short  distance  in  the  suc- 
tion pipe.  In  the  second  dta^am  the  piston  lias  made  a 
sufficient  number  of  strokes  so  that  the  pump  cylinder  is 

uU  of  water  which  is  flowing  out  at  the  spout  C. 

Let  h^  be  the  distance  from  the  water  level  D  to  the 
west  position  of  the  piston;  this  is  called  the  height  cf 
ifl  by  suction.     Let  ft,  be  the  height  from  the  lowest  posi- 
aon  of  the  piston  to  the  spout  where  the  water  flows  out; 
is  is  called  the  height  of  lift  by  the  piston.     The  distance 
i4-ftj  is  the  vertical  height  through  which  the  water  is 
ised,  and  if  H'  be  the  weight  of  water  raised  in  one  second, 
e  useful  work  per  second  is  W(h^■^hJ).     The  energy  im- 
ed  to  the  pump  through  the  piston  rod  is  always  greater 
than  this  usi^ful  work,  since  energy  is  required  to  overcome 
the  frictional  resistances  due  to  the  motion  of  the  water  and 
piston,  as  also  to  overcome  the  resistance  of  iaertia  in  put- 
ting them  into  motion. 

To  discuss  the  action  of  the  pump  in  detail,  let  I  he  the 
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Stroke  of  the  piston,  that  is.  the  distance  between  its  highest 
anil  lowest  positions.  Let  -4  be  the  area  of  the  cross-sec- 
tion of  the  pump  cylinder  and  a  that  of  the  suction  pipe. 
Let  the  piston  be  supposed  to  be  at  its  lowest  pot^iticn  at 
the  beginning  of  the  operation  when  no  water  has  been 
raised  in  the  suctiom  pipe  above  the  le^-el  D  in  Fig,  1S4. 
Oa  iTLising  the  piston  through  the  stroke  /  it  describes  t>te 
vohnne  AL  and  the  volume  of  air  ah^  now  has  the  volume 
j^i+ofc,.  Let  ft,  be  the  height  of  the  water  barometer 
coTT^isponding  to  the  tempeiatuie  and  atmospheric  pres- 
sure; then  since  by  Mariotte's  law  the  pressure  of  a  given 
quantity  of  atr  is  inversely  as  its  voluroen  the  pressure-head 
AjOirresponding  to  the  vciume  Al-k-oh^  \sk^.ahx/(Al-^aii^, 
and  the  height  x  to  which  the  water  will  rise  in  the  suction 
tube  in  order  to  inaintain  equilibrium  is  h^  ~  ^.>  whence 


x-k 


At 


Ik^ 


Pot  example,  let  A  be  6  and  a  be  3  square  inches,  k^  be  3a 
and  I  bo  I  foot;  then,  under  ideal  conditions*  in  the  firsft 
upwvxl  stroke  of  the  piston  the  water  rises  to  the  height 
1:  —  ^4  X0.09091  — j,09  feet,  and  the  air  above  the  ne# 
watO"  le\'el  now  has  the  normal  atmospheric  pressure 
For  a  second  upwanl  stroke  of  the  piston  the  data  are  tho 
same  as  before  except  thai  k^  is  ao  -3-09  — 16-91  f^t-  ^^^ 
at  U»  end  of  the  stroke  the  water  has  risen  a  further  dis- 
tance T-j^4  Xo.iojS-<j-6o  iixU  so  that  its  surface  standi 
At  the  bright  of  16,91  -3.60-13,31  feet  below  the  lowest 
limit  <if  the  piston.  Prooeeding  in  like  manner  it  is  founj 
that  aittr  the  thiid  upwaid  stroke  the  water  level  is  8,8^ 
f«et  b«kw  the  top  of  the  suction  pipe,  and  at  the  end  of 
the  fourth  upi^-^ird  stroke  only  J.5;  feet  below  it.  During 
the  fiflh  up*™d  slRike  the  water  enters  the  pump  cylinderg 
durii^;  ttw  next  downward  stroke  it  fiows  through  i 
piston  Tiilve.  and  in  the  ^th  upward  stroke  the  wa' 
above  the  pistoc^  is  lifted  aod  fiavs  out  of  the  spout. 
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The  preceding  discussion  supposes  that  there  is  no 
leakage  of  air  through  and  around  the  piston,  but  this  can- 
not be  attained  in  practice ;  hence  the  degree  of  rarefaction 
helow  the  piston  is  never  so  great  as  the  above  formula 
gives,  and  tlie  number  of  strokes  required  to  elevaie  the 
water  above  tbe  valve  B  is  larger  than  the  computed  niun- 
ber.  When  the  suction  height  is  greater  than  2^  feet,  it 
becomes  difficult  to  secure  sufficient  rarefaction  to  lift  the 
water  and  heiice  a  foot  valve,  also  opening  upward,  ia 
placed,  in  the  suction  pipe  below  the  water  level  D.  The 
pump  cylinder  and  suction  pipe  can  then  be  primed,  or 
!i!led  with  water  from  r*bove,  and  after  this  is  done  there 
will  be  no  difficulty  in  operating  the  pump.  If  there  be 
no  foot  valve  it  will  be  necessary  to  have  a  very  long  piston 
stroke  in  order  to  start  the  purnp,  but  with  a  foot  valve 
Ihe  stroke  may  be  any  convenient  length. 

The  action  of  this  pump  is  intermittent  and  water  flows 
from  the  spout  only  during  the  upward  stroke  of  the  pis- 
ton. When  there  are  N  upward  strokes  per  minute  the 
discharge  in  one  minute  is  NAi.  if  the  piston  and  its  valve 
be  tight.  The  useful  work  per  minute  is  NwAliky-\-hj), 
if  II'  be  the  weiglit  of  a  cubic  unit  of  water.  When  /  and 
/i,+ftj  are  in  feet,  .4  in  square  feet,  and  w  in  pounds  per 
cubic  foot,  the  horse-power  expended  in  this  useful  work  i& 

and  to  this  must  be  added  the  horse-power  required  to 
overcome  the  resistances  of  friction  and  inertia.  This 
additional  power  often  amoimts  to  as  much  as  that  needed 
for  the  useful  work  and  in  this  case  the  efBciency  of  the 
pump  is  50  percent.  Suction  and  lift  pumps  are  of  numer- 
ous styles  and  sizes,  the  simplest  being  of  square  wooden 
tubes  or  of  round  tin-plate  tubes  with  leather  valves,  and 
these  can  be  readily  made  by  a  carpenter  or  tinsmith. 
They  are  mainly  used  for  small  quantities  of  water  and 
for  temporary  purposes. 
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Pr?t>,  1S4.  Tbe  diaiiMter  of  ihe  pump  cylinaer  .s  &  inches 
and  ttut  of  tlie  section  pipe  is  6  inchesp  while  the  vertical  di^ 
XMoc^  from  the  water  level  to  the  spout  is  13  feet.  If  the  pump 
pisum  m4ikcs  30  upwarJ  ?trol:«s  per  minute,  each  9  inches  Iode* 
what  hor^-pwTcr  ts  r^uired  to  operate  ihe  putnp  if  its  efficiency 
is  45  percent  ? 

Art.  185-     The  Force  Pvmp 

A  force  pump  is  one  that  has  a  solid  piston  which  caji 
transmit  lo  tbe  water  the  pressure  exerted  by  the  piston  rod 
and  ihus  cause  it  to  rise  in  a  pipe.  The  early  force  pumps 
had  little  or  no  suctioo  lift,  as  the  pump  cylinder  was 
immersed  in  tKe  body  of  water  which  furnished  the  supply. 

but  the  modern  forms  usually 
operate  both  by  suction  and 
pressure,  the  former  occur- 
ring in  a  suction  pipe  and  the 
latter  in  the  pump  cylinder. 
Fig.  lS5t3  shows  the  princi- 
ple of  action  of  the  common 
vertical  single-acting  suction 
and  force  pump  in  which 
there  is  no  water  above  the 
piston.  In  the  left-hand  dia- 
gram the  piston  is  ascending, 
and  the  water  is  rising  in  the 
suction  pipe  BD  under  the 
^^'  ^^"^  upward    atmospheric    pres- 

sure; this  ascent  of  the  water  occurs  in  exactly  the  same 
manner  as  explained  in  Art.  1S4.  and  after  several  strokes 
its  level  rises  above  the  suction  valve  B.  The  right-hand 
diagram  shows  the  piston  descending  and  forcing  the  water 
up  the  discharge  pipe  CE.  At  C,  where  this  pipe  joitis  the 
pump  cylinder,  is  a  check  valve  which  closes  on  the  upward 
stroke  and  thus  prevents  the  water  in  CB  from  returning 
into  the  pump  cyhnder.  while  it  opens  on  tlie  downward 
stroke  under  the  pressure  of  the  water. 
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L«t  A  be  the  area  of  the  cross-section  of  the  p-ump 
cylinder  and  I  the  length  of  tlie  stroke  of  the  piston.     Then 
at  each  upward  stroke  a  volume  of  water  equal  to  ,4/  is 
miseJ  through  the  suction  pipe  and  in  each  downward 
I      stroke  the  samef  volumi;  is  TLiiscd  in  the  discharge   pipe. 
L     If  /i  be  the  total  lift  above  the  water  level  D  and  w  the 
^■weight  o£  a  cubic  unit  of  water,  the  work  done  in  each 
^Bdouble  stroke  is  wAlh.     If  there  be  made  A^  double  strokes 
^■per  minute,  the  useful  work  per  minute  is  NwAlii.     When 
1^     all  dimensions  are  in  feet^  the  horse-power  required  to  do 
this  useful   work  is   found  by  dividing  this  quantity   by 
J3  ooo,  and  the  actual  horse-power  required  to  run  the 
pump  is  greater  than  this  by  the  amount  needed  to  over- 
Come  the  frictional  resistances.     This  additional  power  will 
depend  upon  the  length  of  the  suction  and  discharge  pipes, 
the  speed  at  which  the  pump  is  oporated,  the  friction  along 
the  sides  of  the  piston,  the  losses  of  head  in  the  passage 
of  the  water  through  the  valve  openings,  and  the  losses  of 
oncrgy  due  to  putting  the  water  into  motion  at  each  stroke. 
^The  elTjciency  of  single-act ijig  suction  and  lift  pumps  hence 
aries  between  wide  limits,  90  percent  or  more  being  ob- 
d  only  for  very  low  speeds  and  lifts,  while  for  high 
s  and  liCts  it  may  be  jg  percent  or  Less. 
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The  cylinder  of  the  single-acting  pump  may  be  placed 
horizontal,  as  seen  in  Fig.  1S56,  where  BD  is  the  suction 
piston  and  CE  the  discharge  pipe.     When  the  piston  moves 
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toward  the  left,  the  suction  valve  B  opens  and  the  check 
valve  C  closes;  when  it  moves  toward  the  right,  B  closes 
and  C  opens.  The  discharge  is  intermittent,  as  in  the 
previous  case,  but  the  horizontal  position  of  the  piston 
sometimes  renders  the  connection  of  the  piston  rod  to  the 
motor  more  convenient.  If  the  height  of  the  suction  lift 
be  equal  to  that  of  the  discharge  lift,  the  force  required  to 
move  the  piston  will  be  the  same  in  each  stroke  and  the 
pump  will  work  with  less  shock  than  where  the  two  lifts 
are  unequal.  Usually,  however,  the  height  of  the  dis- 
charge hft  is  greater  than  that  of  the  suction  lift  and  the 
force  required  to  move  the  piston  is  then  the  greatest  when 
it  moves  from  left  to  right  in  Fig.  1856-  In  order  to  equalize 
the  forces  exerted  by  the  motor  the  duplex  pump  was  de- 
vised; this  consists  of  two  single-acting  cylinders  placed 
side  by  side  and  connected  to  the  same  suction  and  dis- 
charge pipe,  the  pistons  moving  so  that  one  exerts  suction 
while  the  other  is  forcing  the  water  upward-  Three  single- 
acting  cylinders  are  also  sometimes  connected  \vith  the 
same  suction  and  discharge  pipe,  in  which  case  it  is  called 
the  triplex  pump.  Duplex  and  triplex  pumps  give  a 
continuous  flow  of  water  in  both  the  suction  and  discharge 
pipes  and  thus  diminish  the  shocks  that  occur  in  a  pump 
with  one  cylinder,  while  the  efficiency  is  materially  in- 
creased because  the  losses  due  to  starting  and  stopping 
the  columns  of  water  are  in  large  part  avoided. 

A  double-acting  pump  is  one  having  a  single  cylinder 
in  which  a  ^olid  piston  or  plunger  exerts  suction  and  pres- 
sure-in both  strokes  and  thus  gives  a  nearly  continuous 
flow  through  suction  and  discharge  pipes.  Fig.  l&5d  shows 
the  form  known  as  the  piston  pump,  while  Fig.  lS5e  is 
that  called  the  plunger  pump,  the  piston  being  replaced 
by  a  long  cylinder  mo%'ing  in  a  short  stuffing  box  AA.  In 
both  figures  I)  is  the  suction  pipe  and  E  the  dischai^e  pipe. 
When  the  piston  moves  from  left  tO  right,  the  valves  Di 
and  C,  open,  while  B2  and  C^  close;  when  it  moves  in  the 
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opposite  direction  5,  end  C,  open,  while  B^  and  C^  close. 
The  plunger  punip  was  invented  in  the  seventeenth  cen- 
tury, and  its  advantages  over  the  piston  type  arc  so 
great  that  it  is  now  extensively  used  for  large  pumping 
machinery.  The  cylinder  nf  the  pistdn  pump  mxisl  be 
bored  to  an  exact  and  uniform  size  and  its  piston  must  be 


carefully  packed,  while  in  the  plunger  pump  only  the  short 
length  of  the  stuffing  box  is  bored  iind  packed,  the  plunger 
itself  having  no  packing.  The  water  lifted  in  one  stroke 
of  either  pump  is  At.  where  .4  is  the  area  of  the  piston  and 
/  the  length  of  its  stroke,  provided  there  is  no  leakage  past 
the  packing- 

For  all  these  forms  of  pumps  a  foot  valve  should  be 
placed  in  the  suction  pipe,  if  the  suction  lift  exceeds  io 
feet,  in  order  that  the  pump  may  be  readily  primed  (Art,. 
1&4).  To  reduce  the  shocks  that  occur  to  a  certain  extent 
even  in  the  double-accing  pumxjs,  an  air  chamber  is  fre- 
t^uently  attached  to  the  discharge  pipe  so  that  the  con- 
fined air  may  distribute  and  lessen  the  shock  that  would 
otherwise  be  concentrated  on  the  end  of  the  discharge  pi|>e. 
Fig.  \S$c  shows  such  an  air  chamber  attached  to  a  single- 
acting  piunp;  in  the  upper  part  of  it  is  seen  the  compressetl 
air  which  is  receiving  the  pressure  from  the  piston.  After 
the  check  vah'C  C  closes  the  pressure  of  this  air  maintains 
the  flow  up  the  discharge  pipe  E  and  hence  the  air  chamber 
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helps  to  avoid  the  losses  due  to  intennltteiit  flow.  A 
duplex  pump  or  a  double-acting  pump,  whea  provided 
vith  an  air  chamber  of  proper  size,  will  woric  very  smoothly. 

Prob-  186.  Consult  Ewbanks'  Hydraulka  and  Mechanics 
<New  York,  1S47)  and  describe  a  method  of  Taising  water  thitiugh 
a  low  lift  by  means  of  a  frictionless  plunger  pump.  Ewbank 
notes  that  a  stout  young  man  weighing  134  pounds  raised  S\ 
cubic  feet  per  minute  with  this  machine  to  a  height  of  11}  feet 
and  worked  at  this  rate  nine  hours  per  day.  If  the  efficiency  of 
this  pump  was  unity,  what  horse-power  did  the  stout  young  man 
exert?    Was  his  performance  high  or  low? 


Art.  186.     Lobsbs  in  the  Force  Puup 

A  reliable  numerical  computation  of  the  hydraulic 
losses  of  energy  in  the  force  pump  cannot  be  made  without 
knowing  the  constants  to  use  in  finding  the  losses  of  head 
due  to  the  valves  (Art,  88),  and  these  have  been  experi- 
mentally determined  for  only  a  few  special  forms.  The 
valves  shown  in  most  of  the  figures  of  the  preceding  articles 
are  simple  flap  valves,  but  puppet  valves  are  more  gen- 
erally used,  and  Fig.  185^  indicates  such-  In  passing 
through  a  valve  the  water  loses  energy  in  friction,  and  also 
in  impact  due  to  the  subsequent  expansion.  Since  pumps  are 
made  in  numerous  forms  having  different  details*  general 
discussions  of  losses  are  difficult  to  make.  The  attempt  will, 
however,  be  undertaien  for  the  plunger  force  pump  of 
Fig.  185^.  Let  h  be  the  total  height  through  which  the 
water  is  lifted  by  both  suction  and  pressure,  and  h'  be  the 
sum  of  all  the  hydraulic  losses  of  head.  Let  K  be  the 
energy  delivered  per  second  to  the  piston  rod,  k'  the  enei^ 
expended  in  friction  in  the  stuffing  boxes  of  the  piston  rod 
and  plunger,  q  the  discharge  per  second,  and  iv  the  weight 
trf  a  cubic  unit  of  water.     Then 
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the  pump  should  be  so  arranged  as  tn  make  the  losses 
id  h'  as  small  a&  possible.  Only  the  hydraulic  losses 
be  considered  in  the  following  discussion. 

By  means  of  the  principles  of  Chapter  VII  a  rough  for- 
lulalion  of  the  elements  that  make  up  the  lost  head  h'  can 
effected,  supposing  llie  liow  in   the  pipes  to  be  steady. 
li  be  the  length,  d,  the  diameter,  and  v^  the  velocity  for 
the  suction  pipe,  and  /,,  J„  and  t'jthe  same  things  for  the 
lisoharge  pipca.   Let  2h  be  the  number  of  valves  in  tlie  suc- 
tion and  dischai^  chambers  [Fig,  ISSc).  all  being  taken  of 
llie  same  siae,  and  let  V  denote  the  velocity  of  the  water 
through   eacli   valve  opening.      I-et   thcs*;  chambers  be   so 
large  that  the  velocity  of  the  water  through  them  is  very 

» small  coniparecl  to  that  in  the  pipes  and  valve  openings. 
Then 
A'-(m+/i-HiV:;^  +  («»n  +  »)^+/,^^^        (186) 
I 


W 


d, 


3^ 


2g^''d,2g 


gives  all  the  hydraulic  losses  of  head.  In  the  firat  paren- 
thesis m  indicates  the  loss  due  to  entrance  at  the  foot  of 
the  suction  pipe  (Art.  85),  fljd,  the  friction  loss  in  the  suc- 
tion pipe  (Art,  8ri),  and  i  the  loss  due  to  expansion  (Art,  74) 
AS  the  water  enters  the  suction  chamber  H^Bj.  In  the 
second  parenthesis  nm  indicates  the  loss  due  to  the  open 
valves  (Art.  SS)  and  n  that  due  to  sudden  expansion  as  the 
water  enters  the  pump  cylinder  through  the  suction  valves 
the  dischai^  chamber  C^C^  through  the  discharge 
valves.  The  last  term  gi\'es  the  loss  due  to  friction  in  the 
discharge  pipe.  If  there  is  an  air  chamber  on  the  discharge 
pipe  another  term  might  Ijc  introduced,  but  as  the  elTect 
of  the  air  chamber  in  reducing  water  hammer  is  a  berieficial 
one,  this  term  need  not  be  used.  The  starting  and  stopping 
of  the  piston  brings  in  other  losses  of  energy,  but  as  these 
fire  not  hydraulic  losses  they  will  not  be  considered  here 

When  the  pipes  are  long  the  losses  due  to  pipe  fnr 
will  far  exceed  those  in  the  pump  and  are  not  b*' 
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chargeable  against  it  as  a  machine;  hence  to  consider  the 
punip  alone  the  lengths  /,  and  tj  may  be  made  equal  to  zero, 
as  also  w  in  the  first  parenthesis.     Then  (IS6)  becomes 

in  which  the  first  tenn  of  the  second  member  gives  the  loss 
of  head  in  entering  the  suction  chamber,  and  the  second 
those  occurring  in  entering  and  leaving  the  pump  cylinder. 
Tins  equation  appeare.  at  fiist  thought,  to  indicate  that  a 
suction  chamber  ts  not  a  hydraulic  advantage,  although  it 
is  knowii  to  afford  a  practical  advantage  in  causing  the 
valves  to  ofX'rale  successfully,  as  also  in  permitting  ready 
accfss  lo  them.  Tf  u  be  the  area  of  each  valve  opening,  and 
flj  that  of  the  suction  pipe,  then  a,T/,  must  equal  i>taV,  since 
the  Siimc  qu;mtity  of  water  passes  per  second  through  the 
suction  pipe  and  through  i'l  valves,  Acxrordingly  the  total 
loss  of  head  in  the  pump  may  be  written 


'-^-'->^©"ii 


which  clearly  shows  that  this  loss  decreases  as  the  number  of 
v?iK-t*^  tncr^'ases.  But  the  number  of  valves  cannot  con- 
vt'[iionlly  Iw  made  greater  than  four  without  using  the  suc- 
tion auil  (lischitrge  chambers ;  such  chambers  may  therefore 
be  niiidc  to  gix'e  a  real  hydraulic  advantage  by  using  8,  u, 
<ir  lO  wdves  and  making  the  area  of  each  valve  opening 
Wllicienlly  largc. 

As  a  numerical  example,  take  a  plunger  force  pump,  like 
Fig  ishe.  tt^vuiig  a  piston  area  A  =  0.84  square  feet  and  a 
Bin-ikr  of  1.J5  feet,  the  number  of  single  strokes  per  minute 
being  30.  The  \"oluroe  of  water  lifted  per  second  is  hence 
30X0-83X1.35/60—0.535  cubic  feet.  Let  the  diameter  of 
the  SKiction  pipe  be  10  inches  and  the  area  of  its  cross-section 
tf,  -  o  f 45  square  feet.  The  mean  velocity  in  the  suction 
pipe  is  thfji  0.535/0.545  — o.Q6feet  per  second.  I^t  there  be 
13  v^dvc ;  in  the  suction  chamber,  so  that  h  -<6,  and  let  the 
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of  each  valve  opening  be  a  =8  square  inches —0.0556 
■e  feet.  The  velocity  through  each  of  the  open  vah-ea 
"is  then  V  —0.525/3X0,0556  -3,15  feet  per  second.  As  Art. 
S^  does  not  give  the  values  of  m  for  puppet  valves,  it  may  be 
here  noted  thai  the  experiments  of  Bach'  indicate  that 
they  range  from  i.t  to  2.8,  depending  upon  the  height  of 
vaK^e  lift  and  the  width  of  the  seat.  Taking  2  as  a  mean 
value  of  m,  the  lost  head  in  the  piirnp  is 


{-3xi(, 


"— 555(..3xi(^^ 


o.96*  =  a,77  feet. 


The  useful  head  h,  when  the  lengths  of  the  suction  and  dis- 
chaT^  pipes  are  disregarded,  is  probably  about  3  feet,  so 
that  the  hydraulic  efiiciency  is  e  ^h/{h  +h')  =0,52.  If  tlie 
lengths  of  the  vertical  suction  and  discharge  pipes  he  each 
30  feet  and  their  diameters  be  10  inches,  the  useful  head  h 
is  about  43  feet  and  from  (186)  the  value  of  h'  is  found  to 
be  about  5.8  feel,  so  that  the  hydraulic  efficiency  is  about 
[C.88.  The  vel">city-head  v.it3,g  which  is  lost  at  the  top  of 
the  discharge  pipe  is  bore  onlyo.oi  feet,  so  that  it  is  unneces- 
sary to  consider  it  in  delermining  the  efficiency. 

This  discussion  shows  thai  the  losses  of  head  in  force 
pumps  may  l>e  made  very  slight  by  running  them  at  low 
speeds  in  order  that  the  velocity  1?,  may  be  small.  It  shovv'S 
that  the  losses  decrease  as  the  areas  of  the  valve  openings 
anrJ  their  number  are  increased.  It  shows  that,  for  vertical 
i  suction  and  discharge  pipes,  the  efficiency  increases  with 
the  useful  lift  h.  if  the  velocity  in  the  pipes  is  the  same  for 
differeni  lifts.  These  conclusions  are  verified  by  experi- 
ments, some  of  which  will  be  noted  In  the  next  article. 
nSincc  the  flow  through  the  valves  and  pump  cylinder  is  not 
quite  steady,  numerical  computations  like  the  above  cannot, 
however,  be  expected  to  give  more  than  rough  approximate 
results;  nevertheless  such  results  are  useful  in  indicating  the 
iflfluence  of  the  resistances  upon  the  efficiency. 

*  Z«ilschri/L  dcutsditr  In^^ciiicuf  Vrnin,  i8£6,  p.  ,491, 
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Prob-  1S6^  For  the  above  uumencal  example,  compute  lit 
horse-power  reqiiired  to  run  Ihe  pump  when  the  useful  lift  is 
4j  feet*  assuming  that  3  percent  of  that  power  is  expended  in 
overcoming  friction  in  the  stuffing  boxes. 


Art,  1S7.      Pumping  Engines 

The  stfam  engine  was  invented  and  perfected  through 
the  de^re  to  devise  methcxls  of  pmnping  water  better  than 
those  in  which  the  power  of  men  and  horses  were  used. 
Worcester  in  1633,  and  Papin  in  ifigj,  used  the  direct  pres- 
sure of  steam  upon  water  in  a  cylinder,  and  Savery  in  1 700 
used  both  such  pressure  and  the  partial  vacuum  caused  by 
the  condensation  of  the  steam.  Newcomen  in  1705  used 
a  piston  on  one  side  of  which  steam  was  applied  and  con- 
densed, the  motion  of  the  piston  being  communicated  by  a 
walking  beam  to  the  piston  rod  of  a  pump.  Watt,  about 
1775,  introduced  the  crank,  the  parallel  motion,  the  cut-off, 
the  governor,  and  other  improvements;  he  also  brought  the 
sLeam  on  both  sides  of  the  piston,  thus  making  tlie  engine 
double-acting.  l*he  first  important  applicfltinn  of  the  steam 
engine  was  in  operating:  pumps  to  drain  mines,  but  it  soon 
came  into  use  in  all  branches  of  industry  where  power  was 
needed.     Its  influence  on  modem  progress  has  been  great. 

The  modem  pumping  engine  consists  of  one  or  more 
steam  cylinders  connected  to  the  same  number  of  pump 
cylinders  by  piston  rods,  so  that  the  steam  pressure  la  directly 
transmitted  through  them  to  the  water.  It  is  important 
thai  the  pressure  in  the  water  cylinder  shoiJd  be  maintaire^l 
nesirly  constant  during  the  length  of  the  stroke  and  hence 
the  steam  should  not  bemused  expansively  in  the  usual  way; 
to  insure  constant  steam  pressure  some  form  of  compensator 
is  used-  The  water  cylinders  are  usually  of  the  plunger 
type,  and  these  are  connected  to  the  same  suction  and  dis- 
charge  pipes,  an  air  chamber  being  pl:iced  on  the  latter  to 
relieve  the  pump  chambers  of  shock  and  ensure  steady  flow^ 
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Tlie  boilers,  steam  cylinders,  and  water  cylinders  constitute 
one  machine  or  apparaLuK  cailetj  a  pxiniping  engine.  The 
efficiency  of  this  apparatus  is  low,  for  it  is  equal  to  the 
proiiuct  of  the  efficiencies  of  its  separate  parts.  The  ei^- 
ciency  of  the  fum.icc  and  boiler  is  about  75  percent  in  the 
best  designs,  the  efficiency  of  the  steam  cylinders  about  30 
percent,  and  that  of  the  water  cylinders  about  Bo  percent, 
so  that  the  efficientry  of  the  pum]>inj^  engine  as  a  whole  is 
only  18  percent.  This  means  that  only  iB  percent  of  the 
energy  of  the  fuel  is  utilized  in  lifting  the  water,  and  this 
figure  is,  indeed,  a  high  efficiency,  for  many  pmmping  plants 
are  operated  with  an  efficiency  of  less  than  10  percent. 

The  term  *'duty"  is  often  employed  as  a  measure  of 
the  performance  of  a  pumping  engine,  instead  of  expressing 
it  by  an  efficiency  percentage.  This  term  was  devised  by 
Watt,  who  defined  duty  as  the  number  of  foot-poimds  of 
useful  work  produced  by  the  consumption  of  100  pounds 
of  coal.  On  accpunt  of  the  variable  quality  of  coal  a  more 
precise  definition  of  duty  was  introduced  in  1S90  by  a  com- 
mittee of  the  American  Society  of  Mechanical  Engineers, 
namely,  that  duly  should  be  the  number  of  foot-pounds 
of  work  produced  by  the  expenditure  of  t  000  000  English 
thermal  heat  units.  One  English  thermal  heat  unit  is  that 
amount  of  energy  which  will  raise  one  pound  of  pure  water 
one  Fahrenheit  degree  in  tempCTtiture  when  the  water  is 
at  or  near  the  temperature  of  maximum  density  (Art-  4); 
this  amount  of  energy  is  778  loot-pounds,  and  this  conslajit 
is  calle<f  Ihe  mechanical  equivalent  of  heat.  The  duty  of 
a  perfect  pumping  engine,  in  which  no  losses  of  any  kind 
occur,  would  be  778000000  fcjot-pounds.  The  highest 
duty  obtained  in  a  test  is  about  160000000  foot-pounds 
and  the  efiklencyof  such  an  engine  is  160/778  =0-21.  Com- 
mon pumping  engines  have  duties  ranging  from  120  000  000 
to  bo  000  000,  the  corresponding  efficiencies  being  from  1.5 
to  7_s  percent.  The  modem  detinition  of  duty  agrees  with 
that  of  Watt,  if  the  coal  used  be  of  such  quality  that  one 
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pound  of  it  possesses  a  potential  energy  of  toooo  English 
heat  units,  which  is  somewhat  less  than  that  obtain- 
able from  average  coaL  The  higher  the  duty  of  a  pumping 
engine  the  greater  is  the  amount  of  work  that  can  be  per- 
formed by  burning  a  gi\-en  quantity  of  coal.  A  high-dul)" 
engine  ia  hence  economical  and  a  low-duty  engine  is  waste- 
ful in  coal  consumptiorL^  but  the  first  cost  of  Ibe  former  is 
much  greater  tlian  that  of  the  laLter, 

A  duty  test  of  a  pumping  engine  consists  in  determining 
the  number  of  heat  units  furnished  by  a  given  quantity  of 
coal,  the  quantity  of  water  lifted  by  the  pump,  the  leakage 
past  the  piston  packing,  the  pressure-heads  in  the  suction 
and  dischar^  pipes,  the  indicated  horse-power  of  the 
Btcam  cylinders,  and  many  other  minor  quantities  needed 
for  estimating  the  efficiency  of  the  boiler  and  steam  part 
of  llie  app^tratus.  The  usual  method  of  determining  the 
discharge  is  by  the  displacement  of  the  prston  or  plunger; 
if  .4  he  the  area  of  its  cross-sec  tioti>  /  the  length  of  the  stroke, 
-V  the  number  of  single  strokes  during  the  test,  and  7"  the 
number  of  seconds  during  which  the  test  lasted,  then  NAl 
i&  the  lotal  qixanliiy  of  water  lifted,  and 

q=cXAl/T 

h  the  quantity  lifted  per  second,  c  being  a  coefficient  which 
takes  account  of  the  leakage  or  slip  past  the  plunger.  The 
value  *^f  c  is  to  be  found,  by  removing  one  of  the  cylinder 
heads  and  admitting  water  on  the  other  side  of  the  plunger, 
iUid  its  value  is  usually  from  0.99  to  0.95  in  new  pumps. 
The  toUU  pressure^head  H  is  found  from 

where  Aj  and  hj  are  the  pressure- lieads  corresponding  to  the 
mean  readings  of  the  gabies  on  the  suction  and  discharge 
pipe$  and  d  the  venical  distance  between  the  centers  of 
the  gages:  here  the  plus  sign  is  to  be  used  when  the  corre- 
qwoding  pressure  is  below  and  the  minus  sign  when  it  is 
above  that  of  the  atmosphere.     The  lotal  work  done  by 
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the  pump  during  tho  trial  is  then  cNAl.H  and  then  the 
iiity  of  the  pumping  engine 

Duty  =  1  ooo  OOOC-V.4  ^/f /heat  units. 

which  the  denominator  is  dtitemiined  by  the  thenno- 
lynamic  tests  made  on  the  boiler  and  ateam  engine.     The 
^capacity  of  the  pump,  or  the  quantity  of  water  lifted  in 
34  hours,  is  24X3600X4^' 

The  efliciency  of  pump  cyhnders,  which  are  tested  in 

Che  abr^ve  manner,  is  usually  found  by  dividing  the  work 

fll  done  by  them  in  one  second  by  that  done  by  the  steam 

detcrmiiiL;i  by  indicator  cards  taken  from  the  steam 

dinders-     This  method   differs   from   that   used    in   the 

prev^ious   articles,    ant!   gives   results   too   small    from    the 

standpoint  of  hydraulic  losses.     A  discussion  hy  Webber* 

of  several  tests  shows  that  this  efficiency  increases  with 

■the  lift  as  fellows: 


LiA  in  rc«t, 

5 

15  . 

10 

100 

170 

J  70 

ESckncy, 

o,jo 

D,45 

0.65 

D,bj 

0,91 

o.gfi 

le  highest  value  of  gi  percent  was  obtained  from  a  test 
jf  a  Leavitt  pumping  engine  having  a  duty  of  1 1 1  549  000 
foot-pounds  and   a  capacity   of   4  400  000   gallons   per   14 
ioursi  the  duration  of  this  test  was  t%.x  hours. 


Prob,  187fl.   Using  cool  of  the  standard  quality,  show  that 

roa  poijodfi  btjmtd  in  one  hour  produces  75. S  horse-powers  with 

150  00a  oDQ-duty  pumping  engioe. 

Prob,  ]S7/j-  In  a  test  lasting  u  hours.  37  go?  000  heat  units 

produced  under  the  boiler.     The  area  of  the  plunger  was 

[17*  square  inches,  the  length  of  the  stroke  was  iS.g  inches.  Clie 

rJlumber  of  single  strokes  was  76  ooo,  and  tht  leakage  past  the 

plunger  packing  was  5900  cubic  feet.      The  pressure  gage  on 

^thc  force  pipe  read  ido  and  the  vacuum  gage  on  tlie  suction  pipe 

'ad  9. J  pounds  per  squore  inch,  the  distance  lietwpen  the  rcn- 

^ra  of  these  gages  being  S  feet.     The  mean  indicated  horse- 

jwer  o(  the  5team  cylinders  was  uS.      Compute  the  discharge 

* TrantactiuEis  American  Society  of  Mechanical  Engliitenj,   iB56,  vol 
7>  P'  *o'- 
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of  the  pxunp  io  cvbic  feel  per  second  and  its  capacity  in  gallons 
per  day.  Compute  the  total  prcssurc-hcad  H.  Compute  \hc 
duty  of  the  pumping  engine.  Compute  the  efficiency  of  the 
pump  cylinders H 


Art,  1S8-     T^b  Cbntripitcal  Pump 

The  centnfugal  pump  is  the  reverse  of  a  turbine  wh< 
any  reaction  turbine,  wlien  run  backwards  by  powtir 

>lied  to  its  axle,  \^11  raise  water  through  its  penstock. 
The  centrifugal  pump,  like  the  turbine,  is  of  modern  origin 
and  development.  A  rude  form,  devisei  by  Ledemour  in 
1730,  consisted  of  an  inclined  tube  attached  by  arms  to  a 
vertical  sliaft;  the  lower  end  o£  the  tube  being  immersed, 
the  water  flowed  from  its  upper  end  when  the  shaft  was 
rotated.  It  was  not,  however,  until  about  1840  that  the 
first  true  centrifugal  pumps  came  into  use,  :md  they  ]iave 
since  been  perfected  so  as  to  be  of  grtat  value  in  engineering 
operations,  especially  for  low^  lifts. 

Fig.  18S  shows  the  principle  of  the  arrangement  and 
action   of    the   centrifugal  pump.     The   power   is    applied 

through  the  axis  A 
to  rotate  the  wheel 
BB  in  the  direction 
indicated  by  the  ar- 
row. This  wheel  is 
formed  of  a  nurnber 
of  cur^-ed  vanes  like 
those  in  a  turbine 
wheel  (Art-  165), 
The  revohdng  vanes 
produce  a  partial 
Tic.  iss  vacuum     and    thia 

causes  the  water  to  rise  in  the  suction  pipe  DD  which  enters 
through  the  center  of  the  wheel  case  and  deh^ers  the  water 
lit  the  axis  of  the  wheel.  The  water  is  then  forced  outward 
through  the  vfmes  and  passes  into  the  volute  chamber  CC, 
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which  is  of  varying  cross-section  in  order  to  accommodate 
the  increasing  qiia.nl.ity  of  water  tliat  is  delivered  into  it 
id  all  of  which  passes  up  the  discharge  pipe  E.     The  rota- 
ion   of  the  whe*!l  hence   produces  a  negative  pressure  at 
'the  upper  end  of  the  suction  pipe  and  a  positive  pressure 
jin  the   volute  chamber,  and  the  water  rises  in  the  pipes 
the  same  manner  as  In  those  of  a  suction  and  force 
imp.      The  height  of  the  suction  lift  cannot  usually  ex- 
about  ?8  feet. 
The  panillelograms  of  velocity  shown  in   Fig.  18S  are 
le  sanic  as  in  the  reaction  turbine  (Art.  165)  and  a  similar 
lotation  \vill  be  used.     The  velocities  of  rotation  of  the 
"inner  and  outur  circumferences  will  be  called  h  and  it,,  the 
absolute  velocities  of  the  water  as  it  enters  and  leaves  the 

Ivhecl  are  v^  and  ??„  and  the  corresponding  relative  velocities 
are  V  ajid  V,.  The  angles  of  entrance,  approach,  and  exit 
ere  called  ct,  0,  and  ^.  while  0  denotes  the  angle  between 
Vi  and  H,,  Let  H^  be  the  pn^ssurc-head  at  the  top  of  the 
entrance  pipe  and  H^  that  at  the  foot  of  the  discharge  pipe, 
while  h^  and  h^  are  tlie  heiglits  of  the  suction  and  force  lifts 
estimated  downward  and  upward  from  the  center  of  the 
wheel,  and  let  fc„  be  the  height  of  the  water  barometer. 
jThen  from  (153) 

md  also  from  [32)|,  not  considerinE  frictional  resistances. 


ih 


*•+*.-& 


H. 


Combining  these   equations,    and   replacing  h^-^h^   by   k. 

[Where  h  is  the  total  lift,  the  fundamental  equation  for  the 

liECU&iion   of   frictionless   centrifugal    pumps   results.     To 

[introduce  the  frictional  losses,   however,  h-[-h'   should  "be 

'used  instead  of  h,  where  /('  is  the  total  head  lost  in  all  the 

hydraulic  resistances.     Then 
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IS  the  fonniila  applicable  to  actual  cases.  If  ^  be  the  dis> 
charge  per  second  and  ^  the  weight  of  a  cubic  imit  of  water, 
the  work  of  the  pump  per  second,  not  including  axle  friction, 
Ksivqih  +  h'). 

A  centrifugal  pump,  like  a  reaction  turbine,  must  fee  run 
at  a  certain  speed  in  order  to  give  the  maximum  efficiency, 
and  this  is  now  to  be  determined.  In  the  first  place,  it  must 
be  noted  that  the  water  enters  the  vanes  radially,  since 
there  are  no  guides;  hence  the  entrance  angle  a  must  be 
90°,  and  accordingly  V-h'h-v^'.  Secondly,  the  paral!e!- 
c^ram  of  velocities  at  exit  gives  V,' =«/+V|'  —  2U,if,  costf. 
Introducing  these  conditions  into  (188),  it  reduces  to 

u,v,QQse~g{h+h')  (188), 

Now,  in  order  that  the  water  may  enter  thevoiute  chamber 
with  as  little  loss  in  impact  as  possible,  the  velocity  v^  cos? 
should  be  the  same  as  that  in  the  volute  chamber  and  the 
latter  should  be  the  same  as  that  in  the  discharge  pipe.  Let 
q  be  the  discharge  per  second  and  a  the  area  of  the  cross- 
section  of  that  pipe,  then  v^  qos9  should  equal  q/a,  and  con- 
sequently 

u^~g{k^W)a/q 

is  the  advantageous  velocity  of  the  outer  circumference  of 
the  wheel.  For  a  given  discharge  q  the  advantageous  speed 
of  the  centrifugal  pump  increases  directly  as  the  total  pres- 
sure-head h-\-h'  \  for  a  given  head  A+/i'the  speed  varies  in- 
versely as  the  discharge  q. 

Since  the  speed  must  increase  with  the  lift,  and  since  the 
losses  of  head  increase  with  the  speed,  it  follows  that  the  efli- 
ciency  of  the  centrifugal  pump  in  general  decreases  with  the 
lift.  This  theoretic  conclusion  has  been  verified  by  prac- 
tical tests.  Webber,  in  his  discussion  cited  in  the  last  article, 
gives  the  following  as  the  mean  results  derived  from  a  num- 
ber of  experiments,  the  efficiency  computed  being  the  ratio 
of  the  work  done  by  the  pump  to  that  obtained  from  indi- 
cator cards  taken  on  the  cylinders  of  the  steam  motor: 
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T-irUnfeel,  5  lo  m  40  60 

Hfllciencyj  11,56        0,64       0.63       o.^S       0.40 

^For  a  low  lift  the  ccntrifug^il  pump  has  a  hydrauhc  efficiency 
higher  than  these  figures  indicate,  but,  as  in  the  case  of  the 

I'      force  pump,  it  is  <liflicult  tii  determine  rehable  values  by 
niunerical  computations. 
The  centrifugal  pump  possesses  an  advantage  over  the 
force  pump  in  having  no  valves  and  in  being  able  to  hcindle 
muddy  water,  for  even  gravel  may  pass  through  the  A'anes 
■without  injuring  them.     The  above  figure  represents  the 
principle  rather  than  the  actual  details  of  construction. 
Usually  the  suction  pipe  is  divided  into  two  parts  which 
enter  the  axis  upon  opposite  sides  of  tiie  whetl,  and   the 
fc-ohite  chamber  is  often  made  wider  than  the  wheel  case, 
;hus  forming  what  is  called  a  whirlpool  chamber,  which  pre- 
sents some  of  the  losses  of  head  due  to  impact.     The  vanes 
sometimes  curved  in  the  opposite  direction  to  that  shown 
the  figure,  as  by  so  doing  the  angle  0  is  made  amalltir  and 
fthe  speed  of  the  pump  is  lessened,  as  Ls  seen  from  formula 
(188),.     The  theory  of  the  centrifugal  pump  is,  however, 
much  less  definite  than  that  of  the  reaction  turbine,  and 
experiment  is  the  best  guide  to  determine  the  advantageous 
^B  shape  of  the  vanes- 

^1  Prob.  i^.  A  centrifugal  pump  lifts  lao  cubic  feet  of  water 
H[per  minute  through  a  ^clischarge  pipe  having  a  diameter  of  i 
fool.  The  outer  diaTnelcr  of  the  wheel  is  a  feet  and  the  mirn- 
ber  of  revolutii>ns  per  second  is  tto.  If  the  height  through 
which  the  water  is  lifted  h  so  feet,  sliow  that  the  hydraulic 
efficiency  is  about  67  percent. 


Art.  189.      The  Hydraulic  Ram 

The  hydraulic  ram  is  an  apparatus  which  employs  the 
fdvnfl.mic  prcasurii  produced  ^jy  stopping  a  column  of  moving 
water  to  raise  a  part  of  this  water  to  a  higher  le\-el  than  that 
of  its  source.  The  principle  of  its  action  was  rtxxjgniaed  by 
Whitchurst  in  1772,*  but  the  credit  of  perfecting  the  ma- 

•  TrBJifiBclJons  Royal  Society,  1775,  vol,  65,  p.  277, 


518 


Pumps  xsd  PuMPiNt; 


ChaF.  XVI 


chine  is  due  xo  Montgoltier,  who  in  1796  built  the  firet  self- 
actitig  ram.  It  has  since  been  widely  used  for  pumping 
small  quantities  of  water  frcm  etiBainB  to  houses,  but  is  not 
so  well  adapted  to  lifting  ^  liirge  quantity;  many  attempts 
hnve  been  tnade  in  this  direction,  some  of  which  give  promise 
of  much  usefulness. 

The  principle  of  the  action  of  the  hydraulic  ram  is  shown 
in  Fig.  189,  where  A  is  the  reservoir  that  furnishes  the  supply. 


Fir,,  180 

BCD  the  ram,  AB  the  drive  pipe  which  carries  the  water  to 
the  ram,  DE  the  discharge  pipe  Ihrough  which  a  part  of  the 
wnter  is  raised  to  the  tank  E.  The  ram  itself  consists 
merely  of  llie  waste  valve  B  thrcjugh  which  a  part  of  the 
water  from  the  dri\'e  pipe  escapes,  and  the  air  vessel  D 
wliich  has  a  valve  C  that  allows  water  to  enter  it  through 
PC,  but  prevents  its  return.  The  waste  valve  B  is  either 
weighted  or  arranged  with  a  spring  so  that  it  will  open  when 
acted  upon  by  the  static  pressure  due  to  the  head  //.  As 
soon  us  il  opens  the  wator  flows  through  it, but  as  the  velocity 
inta-ascs  the  dynamic  pressure  due  to  the  motion  of  the 
column  AB  (Art.  148)  becomea  sufficiently  great  to  close 
ttio  vftlvc  B.  Then  this  dynamic  pressure  opens  the  valve 
C  and  compresses  the  air  in  tlie  air  chamber  or  forces  water 
wyt  the  [Hscharge  pipe-  A  moment  later  when  equilibrium 
huK  ribtained  in  the  air  vessel  the  valve  C  closes  and  the  air 
|vnHii>virt*  niuintains  the  flow  for  a  short  period  in  the  dischar^ 
pl^tv  whilu  the  water  in  the  drive  pipe  comes  to  rest.  Then 
i:,i>  wiiiili'  vjdve  B  opens  again  and  the  same  operations  ate 
HVlWikU^d 
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The  algebraic  discussion  of  the  hydraulic  ram  is  very  dif- 
ficuk  because  it  involves  the  time  in  which  the  waste  valve 
^klo^s  and  the  law  of  its  rate  of  closing.  The  investigation 
^BA  Art.  I4S,  }iawe\'er,  clearly  shows  that  the  operittions 
^Rfevcr  described  will  tako  place  if  the  drive  pipe  is  long 
^^nough  to  produce  a  dynamic  pressure  suf^oient  to  close 
the  waste  valve.     Let  I  he  the  length  of  that  pipe,  ir  the 

I  velocity  in  it,  p^  the  static  unit 'pressure  due  to  //,  iv  the 
weight  of  a  cubic  unit  of  watetn  g  the  acceleration  of  gravity, 
find  t  the  time  in  which  the  valve  closes.  Then,  since  there 
is  no  static  pressure  at  the  valve  during  the  flow,  (148),  gives 
'which  is  a  good  approximation  to  the  excess  of  dynamic 
pressure  over  the  static  pressure  p„.  It  is  seen  that  this  ex- 
p  may  be  rendered  very  great  by  making  /  large  and  t 
lall,  and  that  its  greatest  value  is 

p=wuv/g-p^ 

rhich  Ji  is  the  velocity  of  sound  in  water.  It  is  rare,  how- 
",  that  a  drive  pipe  is  sufhciently  long  to  furnish  the  ex- 
dynamic  pressure  given  by  the  last  formula. 

The  efiiciency  of  the  hydraulic  ram  is  the  ratio  of  the 

:fiii  work  done  to  the  energy  expended  in  the  waste  water, 

rt  q  be  the  quantity  of  water  lifted  per  second  through  the 

leigiit  h  from  tlie  level  of  the  reservoir  A  to  that  of  tlie  tank 

Let  Q  be  the  diacliarge  per  second  through  the  waste 

[ve  and  H  the  height  through  which  it  falls,  then  the  efH- 

neocy  of  the  ram  and  its  pipes  is 

wqh        qh 

[t  is  found  by  cxperimeat  that  the  efficiency  decreases  as 

'the  ratio  h/H  increases.     Eytelwein  found  that  e  was  0.9a 

when  h/H  was  unity.  0,67  when  h/H  was  5,  and  0.33  when 

h/H  was  no.  but  these  values  were  probably  derived  by 

a  different  formula  for  the  efficiency. 
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Experiments  in  iflgo  at  Lehigh  University  on  a  Gould 
ram  No.  a,  in  which  the  waste  valve  made  55  strokes  per 
minute,  gave  a  meun  efficiency  of  .35  percent.  The  length 
of  tlie  supply  pipe  was  38  feet  and  its  fall  1 3  feet,  the  length 
of  the  discharge  pipe  60  feet,  and  the  hft  k  was  12  feet,  so 
that  the  ratio  h/H  was  unity.  These  experiments  showed 
also  that  the  efticieDcy  increased  as  the  number  of  strokes 
per  minute  \vas  decreased  by  lessening  the  weight  on  the 
waste  valve.  The  maximum  quantity  of  water  raised  per 
minute  f  however,  occurred  with  a  heaiHer  waste  valve  than 
that  which  gave  the  maximum  elTiciency.  The  efficiency 
was  also  found  to  increase  as  the  length  of  the  stroke  of  the 
waste  valve  decreased. 

The  least  possible  fall  in  the  drii^e  pipe  of  the  hydraulic 
ram  is  about  li  feet  and  the  least  length  of  drive  pipe  about 
15  feet.  It  is  customary  to  make  the  area  of  the  discharge 
jnpe  from  one-third  tn  one-fcurth  tliat  of  the  drive  pipe, 
and  with  these  proportions  a  fall  of  10  feet  will  force  water 
to  a  height  of  nearly  1 50  feet,  A  common  rule  of  manufao- 
turers  is  that  about  one-seventh  of  the  water  flowing  dowTi 
the  drive  pipe  may  be  raised  to  a  height  five  times  that  of 
the  fall  in  the  drive  pipe;  this  is  a  rough  rule  only,  for  the 
length  of  the  discharge  pipe  is  one  of  the  controlling  factors 
as  well  as  its  vertical  rise. 

The  Rife  hydraiihc  engine  is  a  water  ram  on  a  large  scale, 
two  or  more  being  connected  to  the  same  discharge  pipe  so 
that  the  flow  in  it  is  continuous.*  Three  of  these  engines  are 
said  to  raise  864  000  gallons  of  water  per  day  to  an  elevation 
of  150  feet,  the  fall  in  the  drive  pipe  being  30  feet.  The 
diameter  of  the  drive  pipe  is  fi  inches  and  that  of  the  dis- 
charge pipe  is  4  inches;  the  waste  valve  weighs  50  pounds 
and  it  is  provided  with  an  adjusting  lever  in  order  that  its 
effective  weight  may  be  regulated  so  as  to  cause  the  maxi- 
mum discharge  to  be  delivered. 
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pTob.  iSQcT.  The  supply  nf  air  in  the  air  chairhcr  D  is  main- 
tained  by  having  a  sniatl  hole  m  the  pipe  ne^LT  IS,  Explain  the 
phenomena  and  th^  reasons  thereof. 

I  Prob.  1896.  A  hydrauhc  ram  raiEee  33^  pounds  of  wator  in 
5  minutes  through  a  discharge  pipe  60  feet  iong,  Tlie  drive  pipe 
is  3&  iect  long  and  the  amount  of  tvater  wasted  in  5  minutes  is 
4 1  i  pounds.  The  fall  of  the  drive  pipe  is  1  a  feel  and  the  vcrtiral 
rise  of  the  discharge  pipe  iLbQve  the  ram  is  34  feet.  Compute 
the  efficiency  of  the  ram. 


Art.  190,     Other  Kinds  of  Pumps 


I  The  lift  and  iotce.  pumps  described  in  Arts.  184  and  185 
are  called  disjjlacemeiit  pumps,  because  the  volume  of  water 
lifted  in  one  stroke  is  that  displaced  by  the  piston  or  plunger. 
If  there  be  no  leakage  past  the  piston  packing,  and  if  no  aJr 
is  mingled  with  the  water,  the  discharge  in  a  ^veti  time 

I  may  be  very  accurately  determined  by  counting  the  number 
of  strokes  and  multiplying  this  number  by  the  displacement 
in  one  stroke.  On  account  of  the  recipnK'atiiTg  motion  of 
the  piston  these  forms  arc  often  called  reciprocating  pumps. 
There  is  always  a  loss  of  energy  due  lu  putting  the  piston 
into  motion  at  the  beginning  of  e^ich  stroke,  and  to  ax'oid 
this  many  forms  of  rotary  pumps  have  been  dev^ised,  yet 

tnotwithstanding  this  loss  the  plunger  force  pump  is  probably 
the  most  efficient  and  economical  of  all  kinds, 
A  rotary  or  impeller  pump  is  one  in  which  the  moving 
parts  hiive  a  circular  motion  only,  and  the  centrifugal  pump 
described   in    Art.  188   is   of   this   kind.     Numerous   other 
rotary  pumps  have  been  invented  but  none  is  widely  used 
except  the  centrifugal  one.     Fig.  IDOta  shows  one  where 
the  moving  parts  consist  of  two  wheels  which  are  rotated 
^  in  opposite  directions  as  indicated  by  the  arrows;    this 
^P  motion  produces  a  partial  vacuum  whereby  the  water  rises 
"  in  the  suction  pipe  D,  and  is  then  carried  between  the  teeth 
and  the  case  and  forced  up  the  discharge  pipe  E.     ¥\^.  1906 
shows  a  form  where  the  moving  parts  arc  two   lobes  or 
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itupfllera  so  sliaperl  that  tliey  are  always  in  contact  with 
oach  other  and  each  m  contact  with  the  enclosing  case.  In 
the  left-hand  diagram  the  waUr  rising  in  the  pipe  D  is 


Fu.l90d 
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flowifij;  lowani  the  right,  but  a  mofnent  later  the  lobe  B 
hiis  .is£unitd  \he  position  shown  in  the  right-hand  diagrani 
ikiitt  the  waler  is  imprisoned  between  the  lobe  and  the  cas& 
Ati  instant  Utter  the  two  lobes  are  forcing  this  water  up 
Iho  pipe  E  while  the  vrater  coming  in  at  P  i^  flowing  to  the 
Iciu  The  gnntest  objectdon  to  these  pumps  is  that  it  is 
dillWiilt  ic  maintain  close  coatact  between  the  case  and 
\\ir  kibcs  or  wJie^ls^  owing  to  wear,  so  that  after  being  in 
u^  for  aoQW  time  there  ts  much  back  leakage  of  water  and 
ttMC^t^tyond  efficiency  of  the  pump  are  dimiaished-  The 
w\h-  «ppuvot  advantage  of  the  noian'  pump  is  that  it 
hi*^  no  v»lvn^  Fiv«  rotary  pumps  of  the  t>'pe  of  F^.  1906 
v.xm  insteUfti  in  1901  At  a  pumpmg^  statin  near  Chicago, 
the  Wws  or  impellers  being  4  feet  long  and  the  distance 
U'tttvt^  their  centers  2.7  feet;  tbesc  pomps  run  ax  loo 
rv\  v^uUons  (.vr  mioute  wad  each  has  a  capacit>^  oE  6000  cubic 
feel  per  nunute  mdcr  the  total  Kfi  oi  abnut  8  feet,* 

The  pumps  thus  far  described,  with  the  exceptioQ  ot 
the  hnfdaalic  nm.  maybe  caJM  tncchankaj  pumps,  becaiee 
they  act  under  ainiEy  ceaanimicated  to  them  from 
AQ  mechaxooiU  pumpt  are  rex'efsble.  thu  is. 
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water  moves  in  the  opposite  direction  under  a  pressure- 
head  they  bccortio  hydraulic  motors.  The  reverse  of  the 
chain  and  bucket  pump  is  the  overshot  or  breast  wheel, 
that  of  the  suction  and  lift  pump  is  the  water-pressure 
en^nc,  and  that  of  the  centrifugal  p-ump  is  the  turbine. 
The  hydraulic  ram  does'  not  operate  under  the  action  o£  a 
motor,  and  it  does  not  appear  to  be  reversible. 

Pumps  which  have  no  moving  parts  and  which  operate 
through  the  action  of  air  suction  and  dynamic  pressure 
constitute  another  class  which  will  now^  be  briefly  con- 
sidered. Here  belong  the  jet  or  injector  pumps  which  act 
lanjely  through  suction^  and  the  injector  pump  used  on 
locomotives.  The  latter  pro- 
duces a  vacuum  through  the 
flow  of  steam,  and  cannot  be  dis- 
cussed here,  as  it  involves  prin- 
ciples of  thermodynamics.  The 
fundamental  principlenboweverj 
is  indicated  in  Fig.  HK)t,  which 
shows  the  jet  apparatus  in- 
vented by  James  Thomson  in 

1850*  The  water  to  be  lifted  isat  C,  and  it  rises  by  suction 
to  the  chamber  B,  from  which  it  passes  through  thedischar^ 
pipe  to  the  tank  O.  The  forces  of  suclion  and  pressure  are 
produced  by  a  jet  of  water  issuing  from  a  nozzle  at  the 
mouth  of  the  discharge  pipe,  the  noazle  being  at  the  end 
of  a  pipe  AB  through  which  water  is  brought  from  a  reser- 
voir; or  the  water  delivered  from  the  nozzle  may  come  from 
a  hydrant  or  from  a  force  pump.  Let  //  be  the  elective 
head  of  the  jet  us  it  issues  from  the  nozzle,  h^  the  suction 
lift,  and  kj  the  lift  above  the  lip  of  the  nozzle;  let  q  be  the 
discbarge  through  the  noaile  and  g,  that  through  the  suction 
pipe-    Then,  neglecting  frictional  resistances^ 

qH  -qh^^g,{h,-\-k,) 
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age  through  a  discharge  pipe  to  the  place  where  it  is  desired 
to  dcli\'er  it.  In  tlie  instEiUation  cf  this  system  of  sewerage 
^^t  the  World's  Fair  of  1893  in  Chicago,  there  were  j6 
ejectors  which  hfted  the  sewage  67  [eet,  the  total  pressure- 
head  being  about  toS  feet.  Vacuum  methods  of  moving 
sewage  have  also  been  used  in  Europe,  but  these  cannot 
compete  in  efficiency  with  those  using  compressed  air. 

Pfob.  190,  Fof  Fig-  190..-  let  the  diameter  of  the  noEile  be 
T  inch  nnd  that  of  the  discharge  pipe  4  inches.  Let  H  he  64 
feet,  '^1  be  iS  feet,  //,  be  3  fcetn  and  Llie  discharge  from  the  noazle 
be  0.35  cubic  feet  per  second.  Compute  the  greatest  quantity 
of  water  that  can  Lie  lifted  per  second  through  the  suction  pipe, 
find  the  elTiriency  of  the  apparatus  when  doing  this  work. 


Art,  191,     Pumping  through  Pipes 

When  water  is  pumped  through  a  pipe  from  n  lower  to  a 

higher  level,  the  power  of  the  pump  must  be  sufficient  not 

^■orily  to  raise  the  required  amount  in  a  given  time,  but  also 

Bto  ovorcomi*  tho  variims  resistances  to  flow.     The  head  due 

Hto  the  resistances  is  thus  a  direct  source  of  loss,  and  it  is 

^desirable  that  the  pipe  be  so  arranged  as  to  render  this  as 

small  as  possible.     The  length  of  the  pipe  is  always  much 

greater  than  the  vertical  lift,  so  that  the  losses  of  head  in 

friction  are  materially  higher  than  those  indicated  by  the 

discussion  of  Art,  1S6,  where  vertical  pipes  were  alone  con- 

Hfiidered. 

"  I*et  7f  be  the  weight  of  a  cubic  foot  of  water  and  7  tlie 
quatility  raised  per  second  through  the  height  h,  which»  for 
example,  may  be  tlie  dif- 
ference in  level  between 
a  canal  C  and  a  reservoir 
J?,  as  in  Pig.  191a.  The 
useful  work  done  by  the 
piunp  in  each  second  is 
wqh.  Let  W  be  the  head 
lost  in  enteriiig  the  pipe  at  tlie  canal,  h'^  that  lost  in  friction 
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in  the  pipe,  and  h'"  all  other  losses  of  head,  such  as  those 
caused  by  ciir\'es,  %'alves,  tind  by  resistanct;a  in  passing 
through  the  pimip  cylinders.  Then  the  total  work  per- 
formed by  the  pump  per  second  is 

k=wqh^'wqih'-\-k"+h'")  (19:), 

Inserting  the  values  of  the  lost  heads  from  Arts.  85-8S,  tluE 
expression  taies  the  form 

k  ^ujqk+7vq(7n  +;^4-  fn^y-  (191), 

in  which  v  is  the  velocity  in  the  pipe,  I  its  length,  and  d  its 
diameter.  In  order,  therefore,  that  the  losses  of  work  may 
be  as  small  as  possihk',  the  velocity  of  finw  through  the  pipe 
should  be  low;  and  this  is  to  be  effected  by  making  the 
diameter  of  the  pipe  large.  The  size  of  the  pipe  is  here  re- 
garded as  uniform  from  the  canal  to  the  reservoir;  in  prac- 
tice the  suction  pipe  Is  usually  larger  in  diameter  than  the 
discharge  pipe,  iii  order  that  the  suction  valves  may  receive 
an  ample  supply  of  water. 

For  example,  let  it  be  required  to  determine  the  horse^ 
power  of  a  pump  to  raise  i  noo  ooo  gallons  per  day  through 
a  height  of  s^^o  feet  when  the  diameter  of  thejiipeis  6  inches 
and  its  length  1400  f^f^t.     The  discharge  per  second  is 

q  = ^— — — -r-z —  -J. 86  cubic  feet. 

?-48i  X24X3&00 

and  the  velocity  in  the  pipe  is 

The  probable  head  lost  in  entering  the  pipe  is,  by  Art.  Sfi, 

I'' 
/i'^o,5_=c*,5Xi.39  =  o.;  feet. 

When  the  pipe  is  new  and  clean  the  friction  factor  f  is  about 
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o.ojo.  as  shown  by  Table  33:   t^ien  tlie  loss  of  head  in  fric- 
ion  io  ihe  pipe  is,  by  Art.  S6, 


A"-o,02oX Xt,39 


77,8  feet. 


HThe  other  losses  of  head  depend  upon  the  details  of  the  pump 
cylinder  and  the  valves;  if  these  be  such  that  mj—\,  then 

B  A'"  =  4Xi.39=5'Sfeet. 

^EThe  total  losses  of  head  hence  are 

^  A'+fc*+A"'-84.i  feet. 

^The  work  to  be  perfonned  per  second  by  the  pump  now  is 

^B         4=63.5X1.86(130+84.1)  =^36  5  JO  foot-pounds, 

and  the  horae-power  to  be  expended  is  36  510/550=66.4. 
If  there  were  no  losses  in  friction  and  other  resistances  the 
work  to  be  done  would  be  simply 


I 


t— 63.5x1.86x330  =  26  740  foot-pounds. 


and  the  cnrresponding  hon^-power  would  be  26  740/550  = 
48.6.  Hence  1 7-8  horse-pciwer  is  wasted  in  injurious  resist- 
ances, or  the  efficiency  of  the  plant  is  only  73  percent. 

(For  the  same  data  let  the  6'incb  pipe  be  replaced  by  one 
4  inches  in  diameter.  Then,  proceeding  as  before,  the 
elocity  of  flow  is  found  to  be  1.74  feet  per  second,  the  head 
lost  at  entrance  0.03  feet,  the  head  lost  in  fnction  1-T3  feet, 
and  that  lost  in  other  ways  o.tg  feet-  The  totaJ  Tosses  of 
bead  are  thus  only  1,35  feet,  as  against  84-1  feet  for  the 
smaUer  T^P^'  ^^*^  ^^^  horse-power  required  is  4S.9,  which  is 
but  little  greater  than  the  theoretic  power.  The  great  ad- 
vantage of  the  larger  pipe  is  thus  apparent,  and  by  increasing 
its  size  to  1 S  indies  the  l<>sses  of  head  may  be  reduced  so  low 
as  to  be  scarcely  appreciable  in  comparison  with  the  useful 
head  of  230  feet. 
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often  used  to  force 


mams 


pump 

t  water-bupply  system 


ter  directly  through  the 

r  a  designated  pressure. 

The  work  o£  the  pump  in  this 

case  consists  of  that  required 

to  maintain  the  pressure  and 

that  required  to  overcome  the 

frictional  resistances-     Let  h^ 

be   the    pressure-head   to   be 

maintained  at  the  ead  of  the 

main,  and  s  the  height  of  the 

Fir.,  i9it  main  above  the  level  of  the 

river  from  which  the  water  is  pumped:  then  h^-^z  is  the 

head  H.  which  corresponds  to  the  useful  work  of  th.e  punip, 

and,  as  before, 

To  reduce  the  injurious  heads  to  the  smallest  limits  the 
mains  should  be  large  in  order  that  the  velocity  of  flow  may 
be  small  In  Fig.  191t  is  shown  a  symbolic  representation 
of  the  case  of  pumping  into  a  main,  P  being  the  pump,  C 
Ihe  source  of  supply,  and  DM  the  pressure-head  which  is 
maintained  upon  the  end  of  the  pipe  during  the  flow.  At 
the  pump  the  pressure-head  is,4F,  so  that  AD  represents 
the  hydraulic  gradient  for  tlie  pipe  from  P  to  M^  The  total 
work  of  the  pump  may  tiien  Ije  regarded  as  expended  in 
lifting  the  water  from  C  to  A,  and  this  consists  of  three  parts 
corresponding  to  the  heads  CM  or  2,  MD  or  h^,  and  AB  or 
A'4-/r'  +  /i'"fthcf]rst  overcoming  the  force  of  gravity,  the  sec- 
ond maintaining  the  discharge  under  the  required  pressure, 
while  the  last  is  transformed  into  heat  in  overcoming  fric- 
tion and  other  resistances.  In  this  direct  method  of  water 
supply  a  standpipe,  AP.  is  often  erected  near  the  pump,  ia 
which  the  water  rises  to  a  height  corresponding  to  tlic  r&- 
quired  pressure,  and  which  furnishes  a  supply  when  a  tem- 
porary stoppage  of  the  pumping  engine  occurs.  This  stand- 
pipe  also  relieves  the  pump  to  some  extent  from  the  shock 
of  water  hammer  (Art,  148). 
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Prob,  191.  Compute  the  ho rse- power  o£  a  pump  for  the  faU 
lowing  data,  neglecting  all  resistances  except  those  due  to  pipe 
friction;  g-™  i-5  cubic  feet  per  second,  which  is  distribute! 3  uni' 
formly  over  a  length  ^,  =  3000  feet  (Art.  99)  ^  the  reuiaining  length 
ol  the  pipe  being  43^0  feet]  d^iQ  Inches^  h^-^■J^.B  feet,  and 
£=10,6  feet. 


Art.  192.      Pumping  tkhovgii  Hosb 

In  Art.  102  the  flow  of  water  through  fire  hose  was 
briefly  treated  and  the  friction  factors  given  for  different 
kinds  of  hose  linings.  It  was  shown  that  the  loss  of  herid 
in  a  long  hose  line  becomes  so  great,  even  under  moderate 
velocities,  as  to  consume  a  large  proportion  of  the  pressure 
everted  by  the  hydrant  or  steamer.  As  another  example, 
let  the  pressure  in  the  pump  of  the  fire  engine  be  113  pounds 
per  square  in^:h^  correspond iny  to  a  head  of  aSi  feet,  and  let 
it  be  required  to  find  the  pressure-head  in  aj-inch  rough 
rubber-lined  cotton  hose  at  1000  feet  distance,  when  a  noa- 
ale  ia  us»i  viliich  discharges  153  gaDons  per  minute,  the  hose 
being  laid  horizontal.  The  discharge  is  0,341  cubic  feet  per 
second,  which  gives  a  velocity  of  10. o  feet  per  second  in  the 
hose.  Hence  by  [fl6)  the  loss  of  head  in  friction  is  2^  i  feet, 
50  that  the  pressure-head  at  the  nozzle  entrance  is  only  50 
feet,  wliich  corresponds  to  about  23  pounds  per  square  inch. 
The  remedy  for  this  great  reduction  of  pressure  I3  to  employ 
a  smaller  nozzle,  thus  decreasing  the  discharge  and  the  ve- 
locity in  the  hose;  but  if  both  head  and  discharge  are  desired 
they  may  be  obtained  either  by  an  increase  of  pressure  at 
the  steamer  or  by  the  use  of  a  larger  hose. 

Another  method  of  securing  both  high  velocity-head  and 
quantity  of  water  is  by  the  use  of  siamesed  hose  lines,  and 
this  is  generally  used  when  large  fires  occur.  This  method 
consists  in  having  several  lines  of  hose,  generally  four,  lead 
from  the  steamer  to  a  so-called  siame&e  connection,  from 
which  a  short  single  line  of  hose  leads  to  the  nozzle.  In  Fig, 
192  the  pump  or  fire   steamer    is  represented  by  A,   the 
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Siamese  joint  by  B.  the  nozzle  entrance  by  C,  and  the  nozile 
tip  by  D.  From  A  let  n  lines  of  hose,  each  having  the 
Jcngth  t^  and  the  diameter  d^,  lead  to  B ;  and  from  B  let  there 
be  a  single  line  of  length  ^j  and  diameter  d,  leading  to  the 
nozde  which  has  the  dijimeter  D.  The  hydraulic  gradient 
(Art.  U5)  is  shown  by  abcD,  the  pressure-heads  at  --1.  B,  C 


being  represented  by  Aa,  Bh,  Cc.  Let  h  be  the  pressure- 
head  on  the  nozzle  tip  or  the  difference  of  the  elevations  of 
the  points  a  and  D.  It  is  required  to  deduce  a  fonnula 
for  the  velocity  at  the  nozzle  tip  and  to  detennine  the  pres- 
sure-heads at  B  and  C 

This  case  is  one  of  diversions,  already  treated  in  Art, 
100,  Lind  the  same  principles  may  be  applied  to  its  solution. 
Neglecting  losses  in  entrance,  in  cur^'ature,  and  in  the 
Siamese  joint,  the  total  head  h  is  expended  in  friction  in  the 
hose  lines  and  in  the  nozzle,  or 

in  which  r^  and  t*,  are  the  velocities  in  the  lines  l^  and  /,.  and 
V  is  that  from  the  nozale,  while  c,  is  the  coefficient  of  ve- 
locity of  the  nozzle  (Art.  SO).  The  first  term  of  the  second 
member  is  the  head  lost  between  A  and  B,  and  the  alge- 
braic expression  for  this  is  independent  of  the  number  of 
hose  lines  between  those  points;  the  velocity  v^  in  these 
hose  lines  depends,  indeed,  upon  their  number,  but  the 
hydraulic  gnidient  ab  is  the  same  for  each  and  all  of  them. 
The  law  of  continuity  of  fiow  (Art,  32)  gives,  however. 

[.  taking  from  these  the  values  of  t-,  and  v,  in  terms  of  V 
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and  inserting  them  in  the  expression  for  h,  there  results 


n'dXdJ  ^  d,[dj  ^c,' 


(102) 


from  which  the  velocity  V  and  the  velocity-head  V'/ag 
can  be  computed,  while  the  discharge  is  given  hyq-^\rD^V. 
The  pressure-liead  ^r,  fit  the  noEzle  entrance  and  the  pressure- 
head  /«!  at  the  Siamese  joint  may  then  be  found  from 


■J 


-m'^^^ 


and,  as  a  check,  the  latter  should  equal  h  minus  the  drop  o£ 
the  hydniiilic  gradient  between  a  and  6. 

This  discussion  shows  that,  by  increasing  the  number  «, 
the  loss  of  head  between  .4  and  D  may  be  made  very  sma,l], 
the  effect  being  practiciilly  the  same  as  tliat  of  moving  the 
steamer  to  B  and  using  but  a  single  hose  line  /,.  As  a  nu- 
merical example,  let  h  =330.4  feet,  /,  =  500  feet,  l-^^to  feet» 
Jj— (is-a,5  incheSf  D  -  i  inch,  aiid^,— 0,975-  Then,  taking 
/  as  0,03,  the  computed  results  for  different  values  of  n  are 
as  follows,  V  being  in  feet  per  second,  V'/ug  in  feet,  and  q 


n—    I 

3 

3 

A 

6 

H 

V-6W.5 

9a,i 

99.fl 

»°'J 

'OS 

107 

l'Vi*-7,V7 

132 

1S5 

i'J5 

^7J 

ifto 

q-iGq 

396 

3M 

Jia 

358 

363 

in  gallons  per  minute.  It  is  seen  that  for  four  lines  the  veloc- 
ity-head is  more  than  double  that  for  a  single  line  and  that 
the  dischajj^e  is  50  percent  greater.  Witfi  more  than  four 
lines  the  velocity-head  and  discharge  increase  slowly,  and 
for  n  =*  00  they  are  practically  the  same  as  for  n  =  10,  The 
number  of  h<jse  lines  generally  used  is  four,  since  the  slight 
advantage  of  more  lines  is  not  sufficient  to  warrant  their  use. 

Many  other  interesting  problems  relating  to  hose  lines 
may  be  solved  by  using  tlie  same  principles.  If  there  be 
four  lines  of  hose  between  the  jjump  and  the  Siamese  joint. 
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three  having  the  diameter  rf,  and  one  having  the  diameter 
d,  it  can  be  shown  that  the  formula  (192)  applies,  provided 
n  be  replaced  by  3  +  {d/dj^.  For  instancsj  if  d  be  3  inchea 
and  t/,  be  2^  inches,  this  makes  h'  about  ii>.  In  deducing 
this  expression  for  »  it  is  assumed  that  the  friction  factors 
are  the  same  for  both,  sizes  of  hose,  although  in  strictness 
the  smaller  hose  has  the  higher  value  of  j. 

Another  case  is  where  two  of  the  hose  lines  between  A 
and  B  have  the  diameter  d^  and  the  length  l^.  while  the  two 
other  lines  are  of  the  length  l+l^  the  length  /  having  the 
diameter  d  and  the  length  l^  the  diameter  d^.  Here  the 
principles  regarding  compound  pipes  {Art,  06)  are  also  to 
be  regarded,  and  it  will  be  found  that  formula  [192J  applies 
hkewise  to  this  case,  if  n  be  computed  from 


«=2+2 


iU 


'e-\-e,(d/d,y 

"m  which  tf  represents /(V^).  while  f,  and  ^j  represent /^f/i/iJ J 
and  fjiljdj)  respectively.  Fur  instance,  if  /,  =  100,  /,  ^  itw, 
and  /^5o  feet,  while  ^/,— tfj-aj  inches  and  ^i— 3  inches, 
then  the  value  of  n*  is  about  st,  so  that  this  arrangement 
3B  more  eJIective  than  that  of  the  preceding  paragraph. 

In  the  deduction  of  the  above  formulas  losses  of  head 
at  entrance  and  in  the  siamese  joint  have  not  been  regarded, 
and  it  is  unnecessary  to  consider  these  when  the  hose  lines 
are  long.  For  lines  less  than  100  feet  in  length  the  losses 
of  head  at  entrance  may  be  taken  into  account  by  adding 
the  term  o.5{D/d^y/n^  to  the  denominator  of  (192).  The 
loss  of  head  due  to  the  Siamese  joint  may,  in  the  absence 
of  experimental  data,  be  approximately  accounted  for  by 
adding  about  0.0a  to  that  denominator,  thus  considering 
its  influence  about  one-half  that  of  the  nozale.  In  a  case 
like  that  of  the  last  paragraph,  where  the  length  /  an  two 
of  the  hose  lines  is  nearest  the  pumps,  the  values  of  ff  and  e, 
may  be  increased  by  0-5  in  order  to  introduce  the  influence 
of  the  entrance  heads.     Errors  of  5  percent  or  more  are 
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liable  to  occur  in  computations  on  pumping  tlirough  short 
hose  lines* 

Prob.  102fl.  Three  bose  liaes  nm  from  a  pump  to  a  Siamese 
connection,  each  being  500  feet  long  and  aj  inches  in  diameter, 
and  from  the  Siamese  cue  line  50  feet  long  and  a  J  inches  in  diam- 
eter leads  to  a  i  ^inch  nozzle  having  a  velocity  eoeffictent  of  o.g6. 
When  the  pressure  nt  the  pump  is  too  poimda  per  square  inch, 
what  is  the  discharge  irom.  the  uozzle  and  the  velocity-head  of 
the  jctf     What  friction  heads  are  lost  in  the  hose  and  nozile? 

Piob.  102/?.  In  a  fire-engine  test  made  in  1903.  the  lengths  i^ 
and  Ig  were  50  feet,  the  length  /  was  ta  lect,  and  /,  was  aero,  as 
the  nozzle  was  attached  directly  to  the  Siamese  jomi.  The 
diameter  dt  "^^  3  inches,  while  d  and  d^  were  al  inches,  and  D 
was  2  inches.  The  pressure  ga-gc  on  the  steamer  read  90,  while 
one  an  the  damese  joint  read  &j  pounds  per  square  inch-  Com- 
pute the  pressure-head  at  the  Siamese  joint, 

Prob.  I92c.  What  is  the  efficiency  of  a  bucket  pump  which 
lifts  aooo  liters  of  water  per  minute  through  a  height  of  j.5 
meters  with  an  expenditure  of  a. 5  metric  horse-powere? 

Prob.  I92d.  When  the  height  nf  the  mercury  barometer  is 
j6o  milUmelers,  water  at  a  temperature  of  0°  centigrade  is 
raised  by  suction  in  a  perfect  vacuum  to  a  height  of  10.33  nietcr^ 
(Art,  184).  Under  Ihe  same  atmospheric  pressure,  how  high 
can  it  be  raised  when  the  temi>erature  is  33°  centigrade? 

Prob.  102ff.  What  metric  horse-power  is  Tequired  to  raise 
4000000  liters  per  day  through  a  height  of  75  meters  when  the 
diameter  of  the  pipe  is  ao  centimeters  and  its  length  500  meters? 

prob-  192/.  The  calorie  is  the  metric  thermal  unit,  this  being 
the  energy  required  to  raise  one  kilogram  of  water  one  degree 
centigrade  when  the  temperature  o£  the  water  is  near  that  of 
maximum  density.  How  many  calories  are  equivalent  to 
1  oDo  000  English  thermal  units? 
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Art.  193h     Hydraulic-Elkctric  Analogies 

It  is  well  known  that  there  are  certain  analogies  between 
the  flow  of  water  in  pipes  and  that  of  the  electric  current 
in  wires,  and  some  of  these  will  here  be  bricfiy  explained 
from  a  hydraulic  point  of  view.  The  electric  analog  of  a 
water  pump  is  the  dynamo,  both  being  driven  by  meclian- 
ical  power  and  both  triinsforming  it  into  other  forms  of 
energy-  The  analog  of  a  water  wheel  is  the  electric  motor, 
each  of  which  delivers  mechanical  power  by  virtue  of  the 
energy  transmitted  to  it  through  the  water  pipe  or  electric 
wire.  While  the  water  is  flowing  from  the  pump  to  the 
wheel  much  of  its  energy  is  lost  in  overcoming  frictional 
resistances,  whereby  heat  is  produced;  while  the  electricity 
is  flowing  from  the  dynamo  to  the  electric  motor  some  of 
its  energy  is  lost  in  overcoming  molecular  resistances, 
whereby  heat  is  produced.  The  steady  flow  of  water  cor- 
responds to  the  continuous  fiow  of  electricity  In  one  direc- 
tion, or  lo  the  direct  current,  and  the  following  discussion 
compares  hydraulic  phenomena  ft"ith  those  of  the  direct 
electric  current.  The  phctiomena  of  the  alternating  cur^ 
rent  have  also  certain  hydraulic  analogies,  but  these  will 
not  be  discussed  heren 

Let  q  represent  electric  current,  R  the  electric  resistance 
of  a  wire  of  length  I.  cross-section  a,  and  diaraeler  d.  and.  f 
the  electromotive  force  under  which  the  current  is  pushed 
through  the  wire.  Then  Ohm's  law  gives,  if  jbe  the  specific 
resistance  of  the  material  of  the  wire. 
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an  which  A  is  a  constant  dopcnding  only  on  the  material  of 
■  the  wire.  This  equation  shows  that  the  electric  pressure 
/  varies  directly  with  the  length  of  the  wiren  inversely  as 
the  square  of  its  diameter,  and  directly  as  the  c-urrent.  By- 
increasing  the  length  of  the  wire  or  by  decreasing  its  diam- 
eter, the  electTomutive  force?  required  to  maintain  a  ^ven 
electric  current  is  increased.  Similarly  in  a  water  pipe  the 
iriction-head  required  to  maintain  a  given  discharge  in- 
creases directly  as  the  length  of  the  pipe,  and  is  gnjater  for 
|a  small  pipe  than  for  a  large  one  (Art,  S6). 

In  Art.  100  it  was  pointed  out  that  the  distribution  of 

water  flow  among  se\'eral  diversions  of  a  pipe  follows  laws 

.analogous  to  those  of  the  electric  current.     It  was  there 

shown  that  the  discharge  q  diviries  between  the  diversions 

inversely  as  their  resistances,  provided  {jl/<^)^  be  taken 

as  the  measure  of  resistance.     In  electric  flow  the  direct 

current  is  the  analog  of  the  discharge  in  the  water  pipe,  but 

Ohm's  law  shows  thai  the  resistance  is  the  simpler  quantity 

\flfd^^     The  hyiiraulic  analog  of  electromotive  force  is  often 

[taken  to  be  the  lost  friction-heai^i  or  its  corresponding  unit 

[pressure,  and  this  will  be  followed  here.     The  loss  in  water 

pressure  is  represented  by  the  hydraulic  gradient  (Art.  95), 

Jand  the  loss  in  electric  pressure  is  often  represented  in  a  sim- 

jilar  way,  the  gradient  being  a  straight  line  in  both  cases. 

In  order  to  make  an  algebraic  comparison  of  the  two 
[phcDomena,  take  the  expression  for  friction-head  in  (86)  and 

replace  h"  by  p/jv,  where  p  is  the  loss  of  unit  pressure  in 
;the  length  I,  and  w  is  the  weight  of  a  cubic  unit  of  water; 

also  replace  v  by  q/a,  and  a  by  Jri',     Then  (86)  becomes 


(193), 


,in  which  the  constant  B  depends  upon  the  roughness  of  the 
surface  and  the  force  of  gravity.  Accordingly  the  lost 
jpressure  varies  directly  as  the  length  of  the  pipe,  inversely 
lasthe  fifth  power  of  its  diameter,  and  directly  as  the  square 
■of  the  discharge. 
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Thus,  in  the  case  of  a  single  water  pipe  or  electric  wire. 


for  electric  flow 


I 


for  hydraulic  flow       p  "^ji  tj* 

If  each  of  these  flows  be  divideil  among  «  diversions,  as  in 
Fig.  192,  the  expressions  for  the  pressure  become 

for  clectnc  flow  P'"i^^ 


for  hydraulic  flow 


so  that  the  drop  of  the  gradient  13  far  more  rapid  in  the 
latter  case ;  thus,  if  n  be  3  the  electromotive  force  for  three 
wires  15  one-third  of  that  for  a  single  wire,  but  the  hvilraulic 
pressure  for  three  pipes  is  one-ninth  of  thai  for  a  single  pipe. 

The  conclusion  to  be  derived  from  this  comparison  is 
that  the  analogies  between  hydraulic  and  electric  flow  are 
rough  ones  and  cannot  embrace  aU  the  quantities  involved. 
The  only  perfect  analog^'  is  that  f*  varies  directly  as  i;  the 
analc^"  between  h>^raul)c  discharge  and  electric  current  is 
perfect  only  as  regards  its  distribution  between  branches  or 
diversions;  the  analogy  between  hydraulic  and  electric  re- 
sistance is  an  imperfect  one  that  is  liable  lo  lead  to  con- 
fusion. Although  a  decrease  in  size  of  the  pipe  or  wire 
causes  an  increase  in  resistance,  the  law  of  increase  is  quite 
difierent  in  the  l»%)  cases.  If  hydraulic  resistance  be  de- 
fined as  in  ArL  100.  then  the  lost  pressure  /*  is  not  pro- 
ponicoal  to  resistance,  but  to  its  square  root,  while  the  lost 
electric  pressure  p  varies  directly  as  electric  resistance. 

Thus  far  the  conunoa  motioQ  ot  tvater  in  pipes  has  been 
considered,  namdy,  flow  at  such  vdodttes  as  are  usual  in 
engineering  pcactke.  In  An,  l(B,  however,  H  W35  noted 
that  the  laii-s  gvl^^ming  the  flow  oi  water  at  low  \'eIodties 
ire  very  different,  the  lost  bead  varying  directly  a^  the  ve- 
locity and  in\'er9d>*  as  Wie  area  cf  the  cnjss-sect»D&.    This 
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iidnd  of  flow  may  he  caUed  viscous^  implying  that  the  resist- 
[ances  are  tlioao  of  sliding  friction  only  and  that  no  losses 

occur  in  impact.     For  this  case  o[  viscous  hydraulic  flow  let 

k  be  replaced  by  ;»/uj  and  i^by  q/a;  then 

i 


(193), 


■which  shows  that  the  lost  pressure  is  proportional  to  the 
discharge  as  in  Ohm's  law,  Further  in  this  viscous  flow  the 
product  of  the  lost  Tinit  pressure  p  and  the  discharge  q  is 
energy  per  second ;  in  electric  flow  also  the  product  of  the 
lost  voltage  p  and  the  current  q  is  energy  per  second.  The 
forma!  algebraic  expressions  for  the  two  cases  agree^  except 
in  regard  lo  the  resistance,  which  varies  inversely  as  the 
area  of  the  wire  in  electric  Row  and  inversely  as  the  square 
of  the  area  of  the  pipe  in  viscous  hydraulic  flow.  Thus  this 
analogy  breaks  down,  as  all  analogies  correlating  electric 
with  mechanical  phenomena  are  found  to  do  sooner  or  later.* 
Hydraulic  flow  can  be  directly  observed  by  the  senses; 
;tric  flow,  whetlier  it  be  in  the  wire  or  in  the  ether  out- 
Vde  of  the  wire,  canbconly  indirectly  observed;  yet  in  both 
cases  energy  is  transmitted  or  transformed  into  heat.  Elec- 
tric phenomena  are  undoubtedly  manifestations  of  matter, 
etlier,  and  motion ;  and  electricity,  whatever  its  real  nature 
may  be,  is  governed  by  the  same  laws  of  energy  that  pervade 
all  branches  of  hydraulics, 

Prob.  l&3a.  A  copper  wire  having  a  speci&e  resistance  of 
□.□□□□oj6  ohms  is  is  kilometers  long  and  one  centini^ter  m 
diameter-  Compute  the  loss  in  voltage  required  to  maintain 
a  direct  current  of  [50  amperes. 

Proh.  19S6.  Let  9  kilometers  of  the  above  line  be  copper 
wire,  and  3  kilometers  be  a  steel  rail  having  a  specific  resist- 
ance oE  o.Dooor^5  ohms  and  a  cross-section  of  8.5  square  inches. 

jpuie  the  loss  in  voltage  to  maintain  the  current  of  ^50 
jres.  If  the  pressure  at  the  beginning  o(  the  line  be  3500 
volts  and  the  lail  section  be  at  the  middle  of  the  line,  draw 
the  electric  gradient. 


•  Hcflvidde,  ElectromagDcJi;  Thcury  {I^codun^  i^9A)f  voL  i.  p.  aja- 
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Art.  194.    Mtscellakeods  Problems 

The  following  x^roblerns  introduce  subjects  that  have  not 
been    specifically  treated   in  the  preceding  pages.     Teach - 

who  wish  to  offer  prize  problems  to  their  classes  may 
"J^h:Lps  find  some  of  these  suitable  for  that  purpose* 

Prob-  lf)4j,  A  wooden  water  tank  iS  feet  in  diameter  and 
14  feet  high  is  to  be  hooped  with  iron  bands  which  may  be 
tafely  spaced  6  incbcb  apart  at  the  middle  of  the  hcifihl.  How 
far  apart  ahould  they  he  spaced  at  the  bottom? 

Prob,  l£>4f).  A  house  is  60  feet  lower  than  a  spring  A  and 
30  feet  higher  than  a  spring  B,  A  pipe  from  A  to  the  house 
runs  near  R-  Eiiplain  a  method  by  which  the  water  from  B 
can  be  drawn  into  the  pipe  and  be  delivered  al  the  house. 

Prob.  li)4t'.  A  river  having  a  width  of  300  feet  on  the  sur- 
face, a  cross-section  of  1800  square  feet,  a  hydraulic  radius  of 
5rj  feet,  and  a  slope  of  i  on  loooo,  discharges  104.00  cubic 
feet  per  second.  If  it  be  frozen  o\"er  to  the  depth  of  one  foot, 
what  will  be  its  discharge* 

Proh.  IS'IJ.  From  a  pumping  station  water  is  forced  by 
direct  pressure  through  a  compound  pipe,  consjsiing  of  7500 
feel  of  i4-inch  pipe,  4100  feet  of  la-inch  pipe,  and  780  feet  of 
fl-inch  pipe,  to  a  G-Jnch  pipe  on  which  there  are  three  hydrants  A. 
B.  and  C.  A  is  i^^  feet  from  the  end  of  the  S-incli  pipe  and 
tis  feet  above  the  gage  at  the  pumping  station;  5  is  433  fert 
from  the  end  of  Ihe  8-tnch  pipe  and  135  feet  above  the  gage; 
C  is  7JJ  feet  frf>m  the  end  of  the  8-ineh  pipe  and  t jj  feet  above 
the  gage.  To  each  of  these  hydrants  is  attached  50  fret  of 
ai-inch  rubbtr-Uned  hose  witli  a  i-inch  smooth  noiile  at  the 
end.  When  the  gage  at  the  pumping  station  reads  S75  pounils 
per  square  inch,  to  what  heights  wiU  the  three  streams  be 
thrown  from  the  three  noBslcE? 

Prob.  lC4e.  When  a  body  falls  vertically  in  water  its  ve- 
locity soon  becomes  constant.  For  a  smooth  sphere  an  approx- 
imate formula  for  ihi^  veiuciiy  is  'i'^\'igd{s  —  t).  iu  which 
d  is  the  diameter  of  the  ephere  and  s  its  specific  gravity.  Com- 
pute the  velocity  i-  for  a  spiiere  having  a  diameter  of  o.oo'i  fed 
and  a  specilic  gravity  of  1.15. 
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Prob,  194/.  The  velocity  with  which  water  fl(>W5  through 
a  sand  filter  bed  vaHes  directly  as  the  head  (Art.  103).  If  V 
be  the  velodty  in  meters  per  day,  li  the  efleetive  size  of  the 
sand  grains  in  milUTnctPrSn  h  the  head,  /  the  thickness  of  the 
sand  bed.  £Lnd  '  the  temperature  on  the  eentigrade  scale. 

is  the  formula  deduced  by  Hazen*  When  f  =  3a°.4  centigrade, 
d— 0,4  mihinieters.  I  =  a  (cEt.  and  A  =0.4  feet^  find  how  many 
million  gallcma  per  day  will  pass  through  one  acre  of  filter  beds. 

Proli,  104f^.  A  bent  U  tube  of  uniform  aize  is  partly  fiHed 
with  water.  Let  the  water  m  one  leg  be  depressed  a  certain 
distance,  causing  that  in  the  other  to  rise  the  same  distance. 
"When  the  depressing  foree  is  removed  the  water  oscillates  up 
and  down  in  the  legs  of  the  tube,  the  times  of  oscillation  being 
isochronous.  If  /  be  the  entire  length  of  the  water  in  the  luben 
show  that  the  time  of  one  oscillation  is  itV'i/sg.  If  the  legs 
are  inclined  to  the  horizontal  at  Uie  angles  0  and  ^,  show  that 
the  lime  t»I  one  oscillatiun  is  ^Vi/f {sinfl  +sin^). 

Prob.  iWi.  The  Imttom  of  n  canal  hea  the  width  ih  and  it 
is  desired  to  shape  the  bonks  so  that  the  hydraulic  radius  of 
the  croBB-section  may  be  constant.  Show  that  the  equation  of 
the  curve  is  _ 

in  wliich  y  is  the  depth  of  the  water^  .r  the  half  width  of  the 
water  surface,  and  r  the  constant  hydraulic  radius. 

Prcb.  Ifi4r,  A  river  having  q  slope  of  i  on  4300  runs  due 
east,  A  line  drawn  due  north  at  a  point  .4  on  the  rivor  strikes 
at  B,  5000  feet  from  ,-1,  the  edge  of  a  large  swamp  which  it  is 
desired  to  drain.  The  level  of  the  water  in  this  swamp  is  0,5 
feet  below  the  river  surface  at  A  and  it  is  desired  to  lower  that 
level  1-5  (eet  more.  For  this  purpose  a  ditch  is  to  be  dug  run- 
ning from  i4  in  a  straight  line  on  a  uniform  slope  until  it  joins 
the  river  at  a  point  C  eastward  from  A.  The  discharge  of  this 
ditch,  in  order  to  properly  drain  the  swamp,  will  he  15  cubic 
feet  per  seeonil.  its  side  slopes  arc  to  be  r  on  i .  the  mean  veloc- 
ity is  not  to  exceed  3.5  feet  per  second,  and  the  coeflieient  c  m 
the  Chezy  formula  is  estimated  at  70-  Find  the  length  and 
?ridth  of  rhe  most   economical  ditch. 

*  Report  MasEochusctta  Slalc  Board  of  Heallh,  169?^  p.  933. 
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Art.  195,      Answers  to  Problems 

Below  ^^'i]l  he  found  answers  to  some  of  tht;  problems 
given  in  the  preceding  pages,  the  numbers  of  the  problems 
being  placed  in  parentheses.  In  general  it  is  not  a  good 
plan  for  a  student  to  solve  a  problem  in  order  to  obtain  a 
given  answer.  One  object  of  solving  problems  is.  of  course, 
Lo  obtain  correct  results,  but  the  correctness  of  those  results 
should  be  established  by  methods  of  verificatTon  rather  than 
by  the  authority  of  a  given  answer.  It  is  more  profitable 
that  a  number  of  students  should  obtain  different  answers 
to  a  problem  and  engage  in  a  discussion  as  to  the  correcttiess 
of  tJieir  solutions  than  that  ^11  discussion  should  be  stopped 
because  a  certain  answer  is  given  in  the  text  Howe\"er 
siatisfaclory  it  may  be  to  know  in  advance  the  result  of  the 
solution  of  an  exercise,  let  the  student  bear  in  mind  that  after 
commencement  day  answers  to  problems  will  not  be  given 
him,  while  the  collection  of  the  data  for  a  problem  will 
often  prove  as  difficult  as  its  solution.  The  remarks  in 
Art.  8  may  be  again  read  in  this  connection,  and  the  student 
is  Lirged  to  follow  the  advice  there  given.  An  ansvter  here 
given  should  in  no  event  be  consulted  until  the  student 
has  completed  the  solution  of  the  problem. 

(0  See  Rankine's  Miscellaneous  Writings.  (2)  46.5  hofse* 
power?.  (3)  See  Tables  3  and  4.  {4}  147,3  pounds.  (6^)65.3 
pounds.  (S't)  ig.3fi  inches,  (9a)  t^.j^  kilogranis  per  square 
cenlimeter.  {^)  t^^  doo kilograrris,  (10)  0.0416  hor&o-powers, 
(Ua)  3  =  t  J03  feet.  (14)  S(?c  Art.  !80.  (\5a)  5670  pounds. 
(Ifihl  A  inches.  {I7b)  6.06  feet.  (IS)  y^^  for  the  second 
t'ase.  (2Uii)  3,07  for  cenient,  (^Oc)  3945  Wloframs.  (2lij) 
S.9S  feet  Yt<!T  second.  {2\h)  351  feet  per  second.  {2^'2't  94,6 
and  a.o  feet  per  second.  (25)  H  —  s3  3  f^et.  (2S6)  10,4  horac- 
powero.  (32)  IJ.07  feet.  (Sir)  c-o.jz  when  q  h  ^  cubic 
meteT^  per  minute.  (3G)  0.017  iofhes.  (3H)  14,4  feet  for 
-1,.  (42''J  Replace  v  by  r/j-iS  and  r  by  r/j.jfl<  then  the 
new  constant  is  5.07X3,aS™''^  {Wi)  Ci-J^a6.  {i^  c^^o^ri. 
(4Sfl)   J  —  0.605.      i^^ti)    '7-J   feet.      (50)    idj   miner's   inches. 
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<52)  3-04  cubic  feet.  (56)  o,i3i  feet.  (^&)  9.4  and  113 
square  feet.  (59ii)  Ci  — c-98.  (flO)  0.541  feel  per  second. 
(62)  o-Sj7  feet  per  second  and  o.oioij  feet.  {G2b)  c  — 0.602, 
(fyj)  4.039  trubic  feet  per  second.  (66)  7.10  and  6.97  eubic  fert 
per  second,  (67)  ai.i  cubic  feet  per  second.  (71]  0.74  percent. 
(72oJ  1,30  centimeters.  (74t)o.ij  ond  7.60  feet.  {75b)  o,a8 
feet.  (77)  £'-0,985,  (7S)  ^-o.Sos.  (79)  6.67  feet,  (S06) 
e,-o,96j.  (82)  0.007  f^et.  (8fi)  u.aj  feet-  (86)  Actual  loss 
=  ;.64feet.  (90aJ  3-07  gallons  per  minute.  (91)  j.oeand4.g4 
inches.  (93a)  33  pipes.  (93/j)  11.3  and  S.7  inches,  so  that  la- 
ojid  9-inch  pipes  should  be  used.  (04&)  About  6  cubic  feet  per 
second.  (09)  3,75  feet  per  second;  63  feet,  (1016) /="0.oj6. 
{1036)  3.55  feet  per  second.  (107a)  227  cubic  feet  per  second. 
(I07t)  4.4  feet.  (lUS)  1.337  ^^^  ^"^1  73"  f^'^t  P^r  second. 
(1006)  0.64  feet  deep,  (1106)  5.30  and  3.69  feet  per  second. 
(HI)  57  400000  gallons-  (113)  J  =  3.og  feet-  (1106)  0.43  me- 
ters. (121a)  546  cubic  feet  per  second.  (124)  1.59  feet  per 
second.  (126)  761  cubic  feet  per  second,  (I27ii)  364  pounds. 
(IL'Sj)  7.6  feet.  (13U)  ^^- 1  3.5  feet.  (I33tf) //-0.41  meters. 
(137)  13.5  horse-powers,  (138)  1.31  horse-powers.  (139)  257 
feet.  (U06)  35-4  percent,  (142.)  65,800  kilowalta,  (143)  3,g6 
gallons,  C14U)  93  pounds-  (150)  34,5  feet  per  second.  (I51u) 
507.  (1526)  r-o-Hs,  (153a)  f-o.Bj,  (155)  from  48  to  30 
horae-powers,  (15G)  13.6.  (I57c)  i.&  horse-powera.  (159s) 
338  revolulioos  per  minute.  C152a)  30,1  kilowatts.  (163)  16 
feet-  (leet)  4,117  and  4-IIO.  Cl69fl)  167.  (170ti)  no"  40', 
(173^)  37.0  cubic  meters.  (174)  743  horae-powers-  (176^) 
1530  horse-powers,  (177)  e  is  less  than  0,10.  (iy2if)  r=ii,6 
meters.  (lS3d)  76,6  percent.  (1S96)  ^=^.78.  (191)  17,8 
horse-powera,  {192J)  9-!  meters.  (194/)  See  Haaen's  Filtra- 
tion of  Public  Water  SuppLes  (New  York,  1900),  p.  33. 


Evolvi  varia  problemata.  In  scientiig  enim  ediscendis  pro- 
sunt  ejtempla  raagis  quam  pnecepta.  Qua  de  causa  in  hia  fu^iua 
expatiatus  siiuu  NiiWTON. 


5^ 


AppE^'Drx 


AiT,  ]0« 


Art.  196.      Explanation  of  Tables 

The  following  hydraulic  tables  have  been  mostly  ex- 
plained in  the  ttjxt,  and  !it  the  foot  of  each  table  a  reference 
IS  given  to  the  article  where  the  explanation  may  be  found- 
Table  50  gives  squares  of  numbers  from  i.do  to  9.y(j, 
the  arrangement  being  the  same  as  that  of  the  logarithmic 
table.  By  properly  moving  the  decimal  point,  four-place 
squares  of  other  numbers  are  also  readily  taken  out.  For 
example,  the  square  of  0,874  is  0.7639,  and  that  of  87.4  is 
763gH  correct  to  four  significant  figures.  This  table  may  also 
be  used  for  finding  square  roots  cf  numbers. 

Table  51  gives  areas  of  circles  for  diameters  ranging 
from  1. 00  to  Q.Q9,  arranged  in  the  same  manner,  and  by 
properly  moving  the  decimal  point,  four-place  areas  for  all 
circles  can  be  found.  For  instance,  if  the  diameter  is  4.1  J5 
inches,  the  area  is  13. 69  square  inches;  if  the  diameter  is 
0.535  f^^l^'  ^^^  ^^^  ^^  0.2248  square  feet.  This  table  may 
also  be  used  for  finding  diameters  of  circles  corresponding 
to  given  areas. 

Table  52  gives  trigonometric  functions  of  angles  ajid 
Table  53  the  logarithms  of  these  functions.  The  term  "arc" 
means  the  length  of  a  circular  arc  of  radius  unity,  while 
"coarc"  is  the  complement  of  the  arc,  or  a  quadrant  minus 
the  arc.  U  0  he  the  number  of  degrees  in  any  angle,  the 
value  of  arcff  is  fftf/iSo. 

Table  54  gives  four-place  common  logarithms  of  num- 
bers, and  these  are  of  great  value  in  hydraulic  computations 
(Art-  8).  Table  55,  taken  from  the  author's  "  Elements  of 
Precise  Surveying  and  Geodesyn**  gives  mathematical  con- 
stants and  their  logarithms  to  nine  decimals ;  this  is  a  greater 
number  than  will  ever  be  needed  in  hydraulic  work,  but 
they  are  sometimes  required  for  the  discxission  of  geodetic- 
and  physical  measurements. 
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H            Table  1.     Fundamental  HvtiPAtiLic  Constants                 ^^| 

m 

EnglLEh  Unuuns 

V 

Naint 

Ermbol 

Nwnbttr 

X^oBBitllun 

PoiiDds  of  vmlcr  in  cmc  cubic  foot 

IP 

fi'S 

"   79M 

PdudiIs  i*f  water  in  one  U.  S.  KsUun 

»/7^48i 

a, 355 

0,9330 

^L    Fouod^    prf   squurc  inch    due   lo  one 

14-7 

1    iSjj 

Vtflindi  per  square  inch  due  to  one  fooi 

Uj/144 

0'M4 

T-6375 

H 

F»t  of  head  for  pressure  of  one  ptjunc 
pel  «|uaiF  inch 

»44/to 

3^30+ 

0.3625 

Cubic  fwc  iu  on«  IT.  S,  ^^lloa 

?ii/i7a» 

D.IV^7 

T  ijfit 

U.  S'  gaUon?  in  one  cubic  foot 

17JS/J3T 

7  4hi 

0  K73g 

A^^trleraLiuu    of    gravity    ia    Itei   per 

JJ.16 

second  per  ocrcud 

£ 

"-507i 

x^^ 

K.03CI 

0.904J 

iv^g 

5  J47 

0  72Bi 

'/v 

0  015S3 

1    L916 

l^V-i 

fi.399 

0, 7993 

BapluuEioii  in  Arti-  l-LJ^ 

- 

^M            Table  2,     Fu^jdamental  Htuhaulk 

Const  A 

NTH                      ^^1 

Metric  Mchaueq 

^1 

1 

Vame 

SyrnboL 

NumbfT 

LoganThrn 

Kjlograms  ol  vralet  in  one  mbic  meler 

iLr 

toon 

5.OOQO 

■ 

Kilogtnm.^  (>f  walcT  in  one  lit« 

l*f/lOOO 

1 

O.OCDO 

■ 

tlilograms  (Jcr  fu^uarE?  cenlimerrr  due 

■ 

Id  oue  al  ntn^phci't 

I-OJ3 

0,014  J 

1 

Kilograin^  per  itquare  centimeter  due 
Ia^  to  one  nicLrr  bead 

U'/EOfWQ 

D.I 

TOODO 

^^^Hn^n  of   head    fur  nrcsure   nf  one  1 

ioqod/uj 

Idlogiam  per  a|UbTe  centimclrCr 

TO 

I. 0000 

Cubic  lEHflers  in  one  liier 

1/1  cno 

O.OO] 

^.oooo 

Uters  in  one  ctibic  meter 

1000/1 

lOOO 

J. 0000 

AccelrriiEicm  of  gravity  in  meters  per 

g.Soo 

Hcond  per  second 

f 

0,9913 

^/^ 

4-437 

O.A46I 

IV^ 

J   OS' 

0.47W) 

^m; 

1/^ 

0,05107 

3'7o;7 

1 

i^v'as 

3-477 

0,54" 

ExplKJiAlkDn  in  AfLSr  fl  and  n. 
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^^^V               TABLVE   3,      METRIC    E^urvAtENTS    OF    ElfGLISB 

Units 

^^^H 

Snc[4t>  ^oil 

Metric  E'4i]iva]«ni 

LoaanUini 

1 

1 

1 

1   Inch 

I   Foot 

I  Squart  Inch 

1  Squiin^  Foot 

1  Cubic  Hoot 

i   U.  S    GiLMoa 

1  Imperial  GjUdd 

I  Pound 

1  Pound      per    Sqmue 

Indi 
I  Pound  per  CuHc  Foot 
r    Foot' pound 
1   Honr-powrr 

FDhrenhat 

Temperature  F° 

x^S^oa  cvn  lime  ten 
0,3048  meteis 
6. 4530  squure  petiiim^terG 
0.09390  square  meters 
o.o3dj3  cutAc  metcn 

J.7854UI0S 

4  543h  liters 

0,45^6  kiLogramB 

c.cP703a     kilngTJims    per     iqtare 

centimeter 
16.017  IcikiErams  per  eubic  meter 

0 ,  13a  3  kilograin- meters 

1   oi^ohorsc-ponen 
Centigrade  lempenitnre 

0-404SJ 
1^4840:1 
O.Sog69 

3.45309 
0,5781) 
0.65741 

T, 65667 

3.S469? 
I    J04S7 

r. 14069 
0,00599 

Table  4,     Ewglish  Eqcivalewts  of  Metieic 

Units 

Mrlrii;  Vnit 

RnKl'B^  R<jiilvft]ml 

UvKfiUUA 

1 

1  Centime  ler 
I  Meter 

I  Square  Centimeter 
t   Square  Meter 
T  Cubit  Meter 
I  LUtfr 
I  Lher 
1    Kilfigmm 

t  KilotirLini  per  Square 
,  Centimeter 
t  Kilogram   per  Cubic 

Melrr 
1    Kilogrfirn -meter 
1    Hor9e-|ioiFer 
Ceuti^radv 

Temperature  C* 

o,3«37  inchei 

3.3808  feet 

0. 153c  iqujire  inch« 

10.764  iquart  lect 

35. 3U  mbicfeet 
□.3643  U.  £.  ^Elons 
0. 330I  imperial  gaLloni 
3.1046  pounds 

14. 3^4  pugnd:»  per  square  inch 

0.06344  pounds  per  cubic  foot 

7.3339  fool-pounds 
0,9863  horse -powers 
Fabrmbeit  tempenture 

P'-3i"+i.aC" 

0.51599 
1.J90J1 

1.0319; 
>-S479t 
T,4iiS8 
1.34^58 
O.J4J3J 
l.ii303 

I   7954J 

o,fli93» 
1,99041 

\ 

1 . 

J 

1 
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Tablb  6.     IziCHBs  Reducbd  to  Pbbt 
EngllBh  Heisuica 


[iud»< 

P«t 

IncbM 

P«t 

Squmn 

Sqiura 
Pect 

CuUc 
Inchei 

Cubk 
Feet 

0.0104. 

3 

0,2500 

10 

0,6944 

1000 

0,5787 

,030S 

4 

-3333 

io 

»  3B»9 

3000 

« . »574 

'O313 

5 

.4167 

30 

^,0833 

3000 

1,7361 

.O+i?    ' 

6 

,5000 

¥> 

2,6777 

4000 

3.3148 

-0511 

7 

-583  J 

y* 

J.  47" 

5000 

a -8935 

.0615 

B 

.6667 

60 

4.1667 

6000 

3-47" 

.0719 

9 

■  7S«> 

70 

455™ 

7000 

4  0509 

I 

.0833 

10 

■8333 

Sd 

5  3555 

Sooo 

4.6196 

2 

.1667 

11 

.9167 

90 

6.3y» 

9000 

5.™S3 

Expkjuiion  in  An.  9. 
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Table  6.    Gallons  and  Cubic  Pbbt 


Cubk 
Pnt 

U.S. 

U.  S. 

CuWc 
P«t 

Cubic 
P«t 

0«ll«ia 

CuIhc 
P«t 

1 

7.481 

1 

O.J337 

1 

6,232 

" 

0.16046 

a 

14.961 

2 

0,1674 

3 

12,464 

2 

0.3209 

3 

ia.44J 

3 

0.4010 

3 

18.696 

3 

0,4814 

4 

28.937 

4 

0  5347 

4 

24.928 

4 

0,6418 

5 

37  403 

5 

0.6684 

5 

32.160 

5 

0  B033 

6 

44.8S3 

6 

0.B021 

6 

37.393 

6 

0.9678 

7 

5^.364 

7 

0.9358 

7 

43  '''S 

7 

l.t?33 

S 

59,844 

S 

T.0695 

8 

49 -857 

8 

rj837 

9 

67.3^5 

9 

I . J03 I 

9 

56.089 

9 

1.444J 

JO 

74  805 

10 

*    336B 

10 

6a . 32 1 

10 

1.6046 

Eipluulion  in  Art.  g. 
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HYi>titJUc  Tabi-bb              ^ 

■ 

^^^^^V                Table 

Weight  of  Distilled  Watek 

■ 

1 

Bmfidi  MfaAiTc« 

1 

^^v 

T«-mp*f«tin« 

n^an^B 

"J^^TIT^'^^*^^^ 

P«iBd«        JTnirpTT^»m 

P-Mto 

PAhcvitwrt 

9Cf 

CnfpK  Pan 

PkliRidiat 

Cubic  foua 

F>£vrdHC 

O^fvtm 

31' 

95 

6a  .06 

■60 

61  « 

^^1 

35 

6a.  4J 

100 

6a -oo 

165 

to-v> 

39  J 

61.434 

lOS 

61  93 

170 

60. to 

45 

6}  4a 

ItD 

6t.«6 

»T5 

6069 

y> 

61  41 

«'5 

61.79 

l&Q 

fc» 

^^H 

35 

6j  39 

lao 

61.73 

»8i 

60^ 

60 

6a -37 

115 

61-64 

i90 

60,1* 

fi5 

6a  34 

IJO 

61.55 

195 

ioaj 

70 

61   JQ 

"35 

61 -^T 

MO 

«D.M 

75 

6a   16 

140 

61,39 

™a 

60.01 

H 

6a  2J 

"43 

61.31) 

a  10 

»«9 

I 

6.17 

"SO 

6j  .ao 

Aia 

59. B4 

90 

6»,]7 

iSS 

6],  II 

i 

^^^^B                  Tablk 

Weight  of  Distilled  Wateb 

1 

Uetiic  Mea^ire^ 

Tcmpertiun 

Kiloifrajui 

T*nipfT»turff 

KiloBTlUIH 

ToniK^Mm 

KOocmH 

CenttAradr 

Cttlhc  Mdet 

CcntlBTiidv 



CubiL  MebcF 

&nl&grvJk 

CabiTMiltf 

-3* 

^W  S9 

xfi" 

999  Po 

33* 

9>5.»S 

0 

999  *7 

18 

Wa.65 

tfo 

9ft3  iS 

+  3 

999.99 

3Q 

99fi-i6 

65 

9S0.74 

4 

1000, 

t2 

597   33 

TO 

977  94 

J 

999  99 

^3 

997    li 

73 

974  98 

6 

999  97 

30 

99i-7^ 

So 

971-94    \ 

8 

99'}-»9 

35 

994-11 

85 

968  79     I 

to 

999  73 

4*> 

99a -35 

90 

965  5* 

la 

W9  SS 

45 

990  37 

^3 

961   19 

W 

995-30 

y 

998  « 

[QQ 

95*-fiS 

k 

EipluftUon  m  Arl,  fl- 

J 
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Table  9.     Atmospheric  Pressure 
English  Measures 


Mercuiy 

JATOrneEer 

Inchd 

Prwurv 
SquBlv  inch 

PrtteuiT 
AtTEiDiplicm 

Wtwr 

BAfumctcr 

Fnt 

Elmlioni 
Ftmt 

BciliiiB-poillt 
at  WHter 
PBhmibflit, 

3t 

15  a 

1.03 

35   t 

^890 

ai3".9 

30 

14^7 

I. 

34  0 

0 

912    -3 

39 

14  2 
»3  ?- 

0.97 
0  93 

3J  9 
31    7 

+930 
iSSo 

3lO    ,4 

3oB  ,7 

^7 

13,1 

0,90 

30,6 

3370 

306    .9 

aG 

ia.7 

D,S6 

39.5 

3900 

205     .0 

=5 

=4 

13.2 

II. 7 

0.B3 
o.Bo 

as   3 
27   I 

4970 
60S0 

203    .1 
301     .1 

33 
12 

TI.3 
10,8 

0.76 
O.V2 

2&.1 
24.9 

7340 
S4SS 

199    .0 
196    .9 

31 

to, 3 

0,69 

33,8 

9:20 

«94  -7 

30 

9   S 

0.67 

ia.7 

11050 

191  .4 

EvpFiicaLiDii  in  ArL.  G, 


Table  10.     Atmospheric  Pressure 
Metric  Measures 


Sdercury 
BtroLnfUf 
Millimeten 

PraHura 
Kilutfnnu 
per  SiiuArF 
CentiineU:c 

pRUUTf 
AlniDEphcTTa 

Wftttr 
BaZOnLFtcr 

ElfVKtkmt 
Ucten 

Roitia^-jioutt 
at  WBlf  r 

790 

1.074 

1.04 

10,74 

-3^5 

ioi*.i 

760 

1.033 

1. 

JO   33 

0 

100  , 

7JO 

O.99J 

Q.96 

9-9? 

-t-340 

98   .9 

670 

-9" 

■  9» 
.88 

9  53 
9  " 

690 
1043 

97   -8 
96  .6 

640 
610 
580 

.819 
.7S8 

-84 
,8d 
.76 

3.70 
8.39 
7.88 

[470 

laio 
2240 

95    4 
94  ■' 
93   .8 

550 

.748 

■  73 

7.48 

2680 

91     5 

5JO 

.7°7 

.6S 

7.07 

3'40 

90  .1 

EKplanfttion  m  Ait-  fl. 


5-18 
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Table  11.    Acceleration  o?  Gravity 

English  MeaJum 


Ho. 

ott 

Multiples 

dI  It 

MalliplH 

UnTUplH 

Ka. 

I 

33.16 

64- 3T 

0.01555 

S.oi 

I 

3 

6* -3' 

13S.6 

O.D3IO9 

16,04 

3 

J 

96.4* 

J93.0 

0,04664 

34.06 

3 

4 

[3B.6 

=57- 3 

□.06119 

3V,oS 

4 

5 

I60.3 

311-6 

0.07774 

40.10 

5 

6 

193  0 

3«5-9 

a  09318 

4B.i> 

6 

7 

"5    1 

450.3 

a.ia^S 

56.14 

7 

K 

257. J 

514-S 

0.1344 

64-16 

a 

9 

3*9.4 

57^-9 

0.1399 

73.  la 

9 

io 

jaj.fi 

^3   ' 

0   '5SS 

So.  30 

10 

Explaofttuin  m  Art.  7- 


TaHLE    12.       AcCBLEHATION    OF    GRAVITY 


No. 

MlLJl-lpJu 

Hullipled 

0'  V*t 

tio. 

I 

9.J400 

19  60 

□,□5103 

4  4»7 

1 

2 

19.60 

39- « 

O.lOlO 

*-B54 

3 

3 

29.4^ 

5S-S0 

0.1531 

ij.jSj 

3 

4 

39-™ 

78.40 

O.304J 

W.71 

4 

5 

49.00 

9S,tiU 

P-355J 

22.14 

5 

6 

5S.SO 

T17.60 

0.3061 

36. s6 

6 

7 

68  60 

137. » 

0  337* 

JO  99 

7 

a 

78,40 

156  a 

D    4083 

35  4' 

S 

9 

SB,ao 

i?6,4 

0.4593 

J9-B4 

9 

lO 

gS.oo 

196,0 

0.^103 

44.  J7 

10 

EapliuulioD  in  An.  V. 
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Table  13.     Heads  and  Prbs&ures 
Eoglish  Ueasura 


Hud 
in  P«t 

Pkhuk  in  Pound! 

Pmiura 

inPoiindl 

per 

fncK 

K«wJ  in  Phi 

B— 6t.s 

»—ta-A 

w^6a.i 

■»  — 6jrJ 

I 
a 
3 

4 

s 

6 
7 
8 
9 

lO 

0.434 

o.e68 
i-3oa 
1-736 
2.170 
2.604 
3-038 
3-47» 
3.906 
4-340 

0-433 
O.&65 
»-398 

1-731 
2. 163 
3-596 

3-038 
3-461 
3.394 
4.336 

1 
2 

3 
4 
5 
6 

7 
8 

9 
10 

2.304 

4-6o3 

6. 913 

9.216 

11-510 

13.B24 

16.138 

18.43^ 
20,736 
23.040 

2. 311 

4-623 

6-934 
9  »46 

i«    557 
13.868 
16.180 
18.491 
jo,Bo3 
23.114 

g.pT«ii«t.^^  In  AtL  U, 


Tadls  14.    Heads  and  Pressures 

Metdc  Measutts 


Hud 
ID  Uet«n 

per  SqukK  C«nti]nel«r 

Prfuure 

in  Kiki^ 

grnntB  per 

SquBTT 

Hejid  IP  Melcn 

ID— EOflO 

br-gg7 

b^lQQO 

Ib-ggl 

t 

3 

3 

4 
S 
6 

7 

B 

9 

10 

o.r 

0.3 

0.3 
0.4 
0.5 
0.6 
0,7 
o,S 
0.9 
¥.0 

0.0997 
0.1994 
O.T99' 
0.3988 
0.4985 
0.598 J 
0,6979 
0.7976 
0.8973 
0.9970 

1 

2 

3 
4 
5 
6 

7 
fi 

9 
10 

10 
20 

30 
40 

50 
60 

70 

So 

90 

loo 

10.03 
70.06 
30.09 
40,12 

SO  15 
60.18 
70,  ai 
80.14 
90.37 
100.30 

Explanalion  in  Art.  20- 
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Table  15.    VBLOciTrBS  and  VklocitV'S£adb        ^^H 

■ 

EnglLKh  Meaauira                                                 ^ 

1 

^  V  -  V'i*-  a.Q^B  V^Ji ' 

fc-V/ii  -  ojjttSiV* 

Hud 

pcrScfond 

in  FcPt 
per  Sciund 

Vo^iiy 

in  Pert 

per 

[velKiif 
, in  P#«i 

Scnnd 

in  fed 

o.i 

'■iiT 

I 

S-OJ 

1 

0    016 

10 

1--56 

0.3 

3.5^7 

3 

"-33 

3 

Q4O63 

30 

6,33 

1 

O'J 

4-393 

3 

U-^ 

3 

0.740 

30 

'J -99 

1 

0.4 

s  071 

4 

16.04 

4 

o.=40 

to 

34   HS 

^1 

0.5 

J  fi?' 

S 

';  9J 

5 

o.3»9 

iO 

36,  a6 

C.6 

6,  J17 

6 

t9  64 

,  6 

0-5^ 

6q 

55.97 

1 

0  7 

G.710 

7 

J  J    J  J 

7 

0.703 

70 

76-19 

1 

o.S 

7-i7i 

& 

37. 6& 

a 

0-993 

«o 

99  5J 

1 

0,9 

7.60B 

9 

34  DA 

9 

i.3to 

90 

^'5-93         " 

1.0 

B.am 

iO 

^5   3^ 

la 

»-M5 

too 

'55^50 

EipliuuLtiai]  in  Art-  ly. 

1 

^^^^^^^^^^ 

Table  Ifi.    Velocttibr  aud  Vblocjtt-heads           ^^| 

1 

Metric  M?asum                                             ^ 

1 

1 

1 
1 

Elcad  in 

Vcl-n-itV 
p«  Second 

ETebi]  in 
Uelen 

in   Uelera 
pw  Sscwid 

in 

TIpaiI  in 
UetdK 

in 
ptr 

ttcHd  in 

O.I 

I   4,W 

1 

4  437 

□  ,l 

o.ooos 

1 

0  0510 

O.} 

1-980 

3 

6.jGj 

a. 2 

O.OOJO 

3 

0  2041 

1 

0-3 

3,4'5 

S 

7  efis 

03 

O.OQ46 

3 

0  45" 

0.4 

J,  799 

4 

a.SM 

0,4 

a,oaAt 

4- 

o.di6j 

_ 

0.3 

3    '31 

5 

g  900- 

0.5 

O.OUJ 

5 

i,J7« 

B 

o.a 

3  4='l 

6 

10. S4 

0,6 

0,01^4 

6 

J   SJ7 

1 

0.7 

3'7<>4 

7 

II, 7» 

0.7 

□  .0150 

7 

3.  .500 

1 

o.a 

3  960 

S 

13.53 

0  8 

».Oja7 

B 

3^65 

■ 

0  9 

4.100 

9 

»3.=8 

0  q 

0,0413 

9 

4-iJ^ 

1 

1 ,0 

4  433 

lO 

14  oo 

I  .0 

OrOJIO 

10 

5-103    J 

1 

L 

ERpluutLua  rq  Art.  US. 

1 

HvDHAULTC  Tables 


551 


TABLB  17.      C0EPPIC1ENT5  FOR  CIRCULAR  VERTICAL  ORIFTCES 
Argtiinenia  in   Hn^lisb   Mcaaurcs 


i 

l>lUDet0F  d  Onflce  iiL  Pki 

0.01 

0.04 

0.07 

0  1 

D.< 

P.fi 

1      Q 

ta 

0-4 

t>.6J7 

0,634 

0,61  a 

■ 

o  6 

o,a 

0-6SS 
.648 

.630 

.67(t 

.61S 
615 

613 

.61Q 

0.601                  0 

593 
S94 

0  igo 

■ 

,6oE 

■ 

1  .D 

,644 

.6J3 

-613 

6on 

.too 

S9i 

-59» 

■ 

1-5 

.637 

,6]S 

.60S 

.605 

.609 

596 

-593 

■ 

»  5 

.6i= 
.629 

.614 
.an 

607 
.605 

.604 
.603 

599 

597 

-595 
596 

■ 

599 

.^9S 

p 

3^ 
4- 

.61J 

,611 

-609 

604 
-603 

,60  J 

599 
'599 

59« 
597 

S97 

596 

fl- 

.61S 

-607 

-603* 

.600 

.59* 

597 

59* 

8. 

.6t4 

.605 

-601' 

.600 

.59B 

596 

-596 

IP, 

.61 1 

603 

i99 

59« 

59? 

596 

S9S 

yo. 

,601 

'599 

.597 

.596 

.596 

59fi 

-594 

SO' 

.596 

.^95 

'S94 

.594 

594 

594 

593 

1 

lOD. 

-593 

.jga 

.59a 

.593 

.59a 

59  a 

59" 
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TaBLF    IS-      COEPFICIENTS    FOH   CIRCULAR   OPIFICEI 
Argumtiiti  in   Mclric  Mca3uid 


Hod 
IsMeten 

LHsnvlK  or  OriGiwin  C«itimti«» 

. 

t 

3 

a 

■  3 

jf 

■     Q,I 
0.2 

o-a 

0-5 

I. 

1.5 

3- 
6. 

15- 

JO. 

0.642         a 
-639 
^634 
,6t6 
.630 
.619 
,614 
.61X 
.607 
,600 
-596 
.593 

6j6 
6t9 
613 
609 
607 
60s 
bo4 
603 
60a 
597 
595 
59^ 

0.619 

.6f3 

.aos 
-60s 

.603 
j6oi 

.601 
.600 

.596 
.594 
59» 

D.601 

0-593 
-595 
.59fi 

0,591 

-59-^ 

.596 

597 

.600 
.6c» 
-599 
-599 
.59S 
-597 
'597 
-596 
-594 
59» 

-59« 

-S9« 

.597 

596 

.596 
.596 
-594 
-595 

^596 
596 
.S9S 
-594 
-593 
593 
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^^ — :^:r-^    -^  S^^^-^r     tJtrzc.^  OftincES 


^       === 

=  "^tz 

- 

- 

- 

1  ] 

1  a 

"■ 

"-— 

%■ 

' 

S: 

.;: 

--  ^^ 

3     ai^ 

-JDO             O 

597 

- 

IC^ 

.^ 

_: 

-.? 

xf 

SCE 

599 

.^ 

_. 

__ 

-r 

■/* 

M3        , 

6oi 

.-m 

-- 

1* 

»« 

6oi 
6aj 

«¥. 

304. 

^ 

'2 

^ 

41 

WA. 

^y 

..- 

^«3 

60J 

J 

T.J 

«- 

in 

■^ 

«i      , 

fioj 

^ 

rtJ 

-4V 

11^ 

ittL 

5Cn 

6d> 

1^ 

Id* 

4^ 

in. 

■It 

Kb 

6di 

.^ 

^it. 

«± 

1^ 

vc 

QDr 

tioo 

-Ita 

V* 

«; 

i« 

■m 

»o 

599 

* 

* 

4K 

■«a 

^ 

5^ 

598 

-  -*   ^  '  ^*. "  -"^   '  !iT::. 


Orifices 


^rt 

^^. 


:t  ^s-:ac^ 

=  :*=:rtr 

n 

1 

i 

:i 

J4 

^.■ 

'    - 

.-   >:-^ 

r   tii 

-. 

;.  iv^ 

6ci           o 

599 

'■.^■ 

T03 

^-* 

:vM 

bo  J 

6bj 

V*- 

a:^ 

605 

60J 

^fc 

K? 

60:J 

601 

^v 

:c; 

DDI 

600 

**« 

sx 

.50a 

5W 

,*i> 

?i* 

,  J4& 

598 

ft^hai-  -r-    1    K-.     ?H> 


HYDHAnLlG    TaBLEB 


553. 


Table  21.     Coefficients  for  Rbctamqular  OitiPtCBS 

1  Foot  Wide 
Arguments  m  EQgliafa  MeBFures 


Hud 
Jl 

Depth  of  Orifice  in  Ftet 

InFcrt 

0    |>5 

o.»S 

f-io 

0-7$ 

I.D 

I.J 

J.O 

04 

0.634 

o.fij3 

0,633 

□  6 

M5 

.633 

.619 

0.614 

o.S 

-633 

&33 

.61S 

.612 

0.608 

1 . 

-633 

.63J 

,6iS 

.613 

.606 

0.626 

15 

.630 

631 

.618 

.611 

-60s 

.636 

0.628 

a. 

.6^9 

-630 

-617 

.611 

.605 

.614 

.630 

a-5 

,6>a 

.63g 

.616 

.611 

.60s 

.616 

-627 

2- 

.627 

.6j7 

.615 

-61a 

.605 

.614 

.619 

4. 

.624 

.634 

.6.4 

-6og 

-605 

.612 

.616 

6. 

.6.5 

.615 

.609 

,604 

.602 

.606 

,610 

8, 

-609 

.607 

.603 

.602 

.601 

.602 

,604 

to. 

.606 

.603 

.601 

.601 

,601 

.601 

,602 

>o. 

.601 

,601 

,601 

.602 

ExplanfttioD  in  Art.  4Q. 


Table  22.    CoEPFiciEyTS  for  Submerged  Orifices 

Arguments  in  English  M«isur« 


Eiu  of  OrificF  in  Feci 

Hff*ctiv« 
Hud  in 

Feet 

Cin:lc 

Squatc 

Circk 

Squan 

Rectuiffle 

O.OJ 

a.oi 

0.1 

o.t 

a.DSKo.} 

o.S 

0.615 

0.619 

0.603 

0.60a 

0.623 

1.0 

-610 

.614 

,603 

.606 

.622 

1.5 

.607 

.612 

.600 

^605 

-621 

2,0 

.605 

.61D 

599 

.604 

.6jo 

».5 

.603 

.608 

^598 

,604 

.619 

3.0 

.607 

.607 

-593 

.604 

.618 

4.0 

,601 

.606 

.598 

.604 

ExpLvwLion  Id  Art-  53. 
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Table  23 

Coefficients  Foa  Contracted  Wetio             ^^^| 

ArgmncDiK  hj  Euglbh  Mvosune 

H 

J 

E[Ti'«:LiVD 
inFsci 

Lnuth  ol  Wm  In  Peet 

1 

U.M 

■ 

r 

> 

« 

■  □ 

10 

1 

0,633 

o.G^g 

0.645 

0.65a 

0-653 

0.655 

o.6j(i 

H 

o  M 

.619 

-fi?5 

.fi34 

.63^ 

.640 

-64t 

,641 

^1 

O.  J 

.I^M 

.6iti 

.tif^^ 

.630 

.631 

033 

.634 

^1 

] 

o,35 

-605 

.&13 

,6:fi 

-6=4 

,63e 

.63a 

.^39 

^1 

0,3 

.601 

,6oB 

.616 

.619 

.fiji 

-634 

.635 

^M 

D    4 

-595 

.601 

.609 

-613 

-615 

.61a 

,670 

^1 

0  5 

-5flO 

.596 

-605 

.6^3 

.611 

.613 

,6J7 

^1 

0  6 

-S»7 

-J93 

.601 

-605 

.603 

-61J 

'615 

^1 

0.7 

590 

-59B 

-to^ 

y-vi 

.613 

.61  + 

^1 

o.S 

-S9S 

.6cx> 

to4 

,611 

.613 

^1 

0,9 

-593 

^59!i 

,603 

-609 

-61J 

^1 

1  □ 

-590 

■  595 

.60J 

.60J! 

.611 

^1 

1.3 

'5*5 

-591 

■  S97 

.605 

.610 

^^ 

1,4 

-5a> 

-587 

594 

-6oj 

^609 

^1 

1 

1,6 

1 

^sBj 

■59> 

.iVm 

.607 

H 

1 

Ex^ldBaLion  In  An.  G3. 
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1                       Table  24 

CoHpprciENTa  FOB  Cqntkacted  Weibs                  ^I 

Arguments  in  Mclrit  M«t5urc£ 

■ 

HEadm 

Ijmiihui  Wi^rid  Krtcra 

■ 

o.t 

0  i 

C.6 

4.4 

l-S 

jA 

f.S 

1 

3. 

0.63.% 

D.O4X1 

0,647 

o.6s3 

o.*S4 

□  6^ 

0.657 

H 

5- 

,6l8 

.fi=4 

,<S34 

hSsB 

.640 

,641 

.64a 

^H 

7- 

.60& 

^6.3 

,6j» 

,6J5 

.637 

,6J9 

-6jo 

^1 

9- 

,6oT 

.toB 

,6iG 

.619 

.61T 

,634 

.635 

^^1 

17, 

-5-^ 

.6iM 

.609 

fi'3 

,615 

,618 

.630 

^1 

IS- 

-S")* 

-597 

,60s 

-60a 

.611 

,615 

.*I7 

^^ 

IS. 

-sa» 

-593 

,601 

,605 

.6<>a 

,6lj 

.615 

~  ^1 

11. 

-S*9 

■  597 

.603 

.606 

,6lT 

.614 

^H 

a6. 

-594 

-599 

.604 

,&io 

613 

^H 

JO. 

■590 

-S95 

.601 

.fofl 

.611 

^H 

35, 

-sw 

593 

'397 

,fea 

.610 

^H 

*5' 

^sSs 

'59  J 

.6o[ 

.6ofl 

■ 

k 

^^ 

EiplaaaUoft  fa  An,  79- 
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Table  25.    CoEFnciENTa  for  SuppREsaED  Wbirs 

AjgunwuU  in  EngUsh  Measures 


ElT«tin 

Ldogth  o[  Weir  la  Ftct 

]iiPv«l 

to 

ID 

7 

i 

4 

J 

a 

O.I 

o.6sr 

0,65^ 

0,658 

0.659 

0.15 

.643 

.644 

M5 

.645 

0.647        0 

649 

0.652 

0,2 

-635 

.637 

■  -637 

.63S 

^641 

642 

.645 

0-35 

,-630 

.631 

.633 

634 

.636 

638 

.641 

0-3 

,6j6 

.61& 

-629 

-G^t 

633 

636 

■639 

04 

,611 

.623 

■t>25 

.628 

.630 

633 

.636 

o.S 

.619 

.6i[ 

.614 

.627 

.630 

633 

.6J7 

0.6 

.6f8 

.67Q 

.613 

.637 

.630 

6.M 

.638 

0,7 

.61S 

.630 

,624 

,638 

-63. 

63s 

.640 

□  .8 

.ais 

.621 

-62s 

.629 

-633 

637 

■643 

Q.g 

,619 

.ti2J 

.617 

.631 

^635 

*39 

645 

1.0 

,619 

.634 

.6afi 

-633 

-637 

641 

.64S 

1-3 

.620 

.636 

,632 

-636 

,641 

646 

«-4 

.6ja 

-629 

-634 

.640 

-644 

1.6 

-623 

-631 

^637 

.64a 

-647 

Eapl^njltian  ia  Art.  M- 


Table  26.     Coefficients  for  Suppressed  Weirs 

Argummts  in  Metric  McHSures 


RBrc 

Lmfltb  of  Wrir  in 

Meier* 

1, 

tneu 

■n           3.1 

J.o 

a. a 

.,i 

■  .> 

0.9 

0.6 

^ 

0,658 

0.659 

0,659 

0.660 

5 

,643 

.643 

644 

.645 

0.647          0 

649 

0,652 

7 

.633 

633 

.634 

■  &35 

.637 

640 

643 

<l 

.626 

.6j8 

.639 

.63' 

.633 

636 

.639 

13 

.631 

.6j3 

.625 

.62H 

.630 

633 

.636 

»,s 

,6t9 

.621 

,624 

.627 

-630 

633 

.637 

iB 

,6iB 

,620 

.623 

^627 

630 

6.34 

.63S 

22 

.6i£ 

620 

.624 

.62S 

.632 

636 

.640 

26 

.619 

.622 

.627 

.63' 

635 

^59 

^45 

,^0 

.619 

.fi24 

,628 

633 

637 

^i 

X'i 

-Cio 

,6?6 

631 

6,^5 

.640 

^■A$ 

45 

.622 

.630 

63s             f'4i 

.645 

ExplanaliDn  m  Ait.  72' 
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Table  27,     Factobs  poh  SrcMERftHQ  WaiRS 

Vor  all  Ueflsnr» 


H' 

W 

ft- 

W 

H 

ft 

Jf 

H 

H 

«i 

a 

O   OQ 

1  .om 

0.  IS 

O.9B9 

0.38 

0  93J 

0.5S 

0  856 

.Ol 

1  004 

.20 

0    9B5 

-40 

0.9J9 

,60 

0  S46 

-ai 

1,006 

.33 

o.^Ho 

■  4J 

0  git 

61 

o.Bj6 

.'H 

1.007 

-34 

0.97s 

-44 

o,9'5 

-S4 

0,^34 

-06 

1.007 

.aO 

0,970 

.4fi 

0,90s 

,6« 

o.*i3 

-d8 

1.006 

.aS 

0.964 

4S 

D.900 

-70 

0-787 

.10 

1,005 

.JO 

0  059 

50 

o  sgi 

-7S 

0.750 

,i> 

IrOCH 

■  3» 

0  953 

s= 

□  8^4 

,8q 

Q-703 

'4 

□  .99B 

'J4 

0  947 

54 

D.B7S 

-90 

0-574 

-i6 

0,9^4 

.36 

0.941 

.S6 

o.S^ 

I -00 

0.000 
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Table  28-     Cohbectioks  for  Wide  Cpests 
HnifUsb  Measures 


Hud  OB 

WMEb 

aECresL  in 

TvbH 

Wide 

P«l 

1 

4 

4 

> 

i» 

It 

u 

b.05 

o.oro 

O.D09 

e.009 

0.009 

0.009 

0,009 

0,009 

r    '" 

.016 

.01% 

,017 

.017 

-OJ7 

,OT7 

.017 

.30 

.01 3 

,039 

-031 

.oja 

-oiS 

.033 

-OJ4 

■  y> 

.030 

.041 

.045 

.047 

.04ft 

.050 

-40 

.OI3 

■  C>45 

05s 

.060 

.063 

.Ofifi 

-50 

.006 

ail 

□60 

.069 

■  ^71 

.o8f 

,6a 

oji 

,059 

^^5 

.083 

.W7 

-70 

■  Ot7 

.05  J 

.075 

.059 

-III 

,8d 

.040 

.071 

.091 

.125 

.90 

OJ7 

.□61 

.o8v 

-U7 

l.OO 

,OIE 

-ojo 

.0B3 

"49 

l.» 

-oai 

,c6t 

,i6a 

1.40 

-OJJ 

.iSg 
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TASLB    29,      COEPFICJENTS    FOR    DaMS 


Up- 

WidLb 

Dowd- 

Hud  H 

on  Cntt  in  Pb« 

Slope 

Straam 
SLopA 

OrS 

I.B 

'.J 

9.0 

JO 

4.0 

3.0 

1  on  J 

0'33 

Vertical 

3-35 

i.6a 

3.82 

3-77 

3-6fl 

3.7^ 

3-71 

]  on  J 

o,66 

Vertical 

3  " 

3  44 

3 

59 

3 

66 

3  6S' 

370 

3 

71 

1  on5 

0.66 

Vertkal 

3'3T 

3  33 

J 

34 

3 

35 

3  .1* 

3-39 

3 

39 

1  on4 

o,66 

Vertical 

3  44 

3 

46 

3 

48 

34S 

,V4S 

3 

48 

1  on3 

0.66 

Vertical 

3.64 

3.B> 

3 

S3 

3 

69 

3  55 

3-55 

3 

s-S^ 

]  ona 

o.oo 

1  on  I 

4  ai 

4-H 

4 

09 

3 

97 

3^&3 

3-74 

3 

68 

1  on  > 

p,66 

I  on  2 

3'M 

3-4= 

3 

45 

3 

6e 

366 

3.66 

3 

64 

I  on  > 

o  33 

I  on  5 

3  30 

3  57 

3 

bo 

3 

51 

3-47 

3.H 

3 

57 

Vertical 

2.62 

Vertical 

a, 60 

J. 67 

3 

7,-^ 

a 

84 

3  01 

3.21 

3 

19 

Vertical 

2.62* 

Vertical 

a. 96 

301 

3 

03 

3 

oS 

3.J5 

3.38 

3 

47 

Vertical 

6,56 

Vertical 

J  50 

2.60 

2 

54 

3 

48 

a   5< 

3,61 

2 

7*> 

V«Etical 

6.56* 

Vertical 

a. 71 

2.83 

2 

S4 

a 

^4 

a,S6 

a. 90 

3 

94 

r  oa  1 

Round 

Vertical 

J, 95 

3-«7 

3 

3' 

3 

45 

3.56 

3ei 

3 

6S 

EipluittiDn  in  Ait,  W. 


Table  30.     Coepficjents  for  Daus 
Metric  Measum 


Up- 

Widih 

DoWd- 

Hold  H  DD  Cn«t  in  listen 

Stmm 

S]Dp« 

□fCrat 

Strrmm 
Slope 

o.ii 

O.JB 

o.fia 

O.QI 

i,» 

<.J" 

1  on  2 

0.  ID 

Vertical 

1. 85 

2.03 

2.08 

a -03 

a, 04 

2.05 

I  on  1 

0.20 

Vertical 

1.7a 

1.90 

2.02 

2.03 

2,04 

2.05 

1  on  5 

0,  JO 

Vertical 

1.83 

1   84 

'85 

1.86 

1.87 

1,87 

]  on4 

O.lO 

Vertical 

1.90 

1,9a 

1,9a 

1.9a 

1,9' 

I  ™  3 

0.10 

Vertical 

a. 01 

2.rf 

2,04 

1,96 

'.96 

1.96 

1  cm  2 

0.00 

I  DD  t 

'■33 

3.34 

2.19 

2. 11 

2.D6 

a. 03 

]  on  2 

a.iQ 

1  on  3 

1   73 

1,90 

>  99 

2.02 

2.02 

a. 01 

]  on  2 

0.20 

I  on  5 

J.&2 

1  97 

'94 

I   93 

I   95 

'97 

Vertical 

Q.So 

Vertical 

1-43 

T'47 

'57 

1.66 

'77 

t.87 

Vertical 

o,8o* 

Vertical 

1.63 

1.66 

'■70 

1    79 

'87 

1.9J 

Vertical 

2.00 

Vcricall 

r.35 

^■43 

1-37 

1.39 

1.44 

1.49 

Vertical 

2.00* 

Vertical 

I    50 

'56 

'■57 

I.S8 

1.60 

«.fi3 

1  on  1 

Round 

Vertical 

K63 

'75 

'9' 

>.96 

1.99 

2.01 
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558 


Htdkaulic  Tables 


TaBLB    3L        COBPPICIENTS    FOR    ConICAL    TUBBS 

For  all  Measures 


AD^le  of  CaD« 

Velocity 

CoDtrvftian 

tP    oo* 

a.&^q 

0.839 

I. DO 

1      3fi 

0.866 

0.867 

4      lo 

0.9TJ 

0.910 

7       SS 

0.930 

0.933 

0.993 

lO       w 

0.938 

0,951 

0,986 

13       34 

0.946 

0  963 

0.983 

i6       36 

0.93S 

Q.97" 

0.966 

21       00 

0.919 

0,973 

0  945 

39       5S 

0  89s 

0.97S 

0.918 

48       50 

0.847 

0.984 

0.861 

ExplikBHtitn  in  Art-  77> 


Table  32,     Vertical  Jets  prom  Smooth  Nozzlbs 

English  Measures 


Prom  f-inch  Noiile 

Frnm 

1-inch  NqkiIe 

Prom 

if^inch  Noiilr 

Prruure  ai 
Enlrmnce 

Pounds  per 

Inch 

Heiaht 

in  F«l 

Dii- 
charsr 

pet 
Minule 

Heijrht 

in  Fffcl 

Oallnna 
MinuEe 

Height 

in  F«[ 

pet 
Minute 

A 

B 

" 

B 

A 

& 

10 

30 

^7 

53 

31 

iK 

93 

" 

19 

■  4a 

30 

40 

33 

'73 

43 

35 

133 

44 

37 

309 

30 

59 

48 

90 

63 

S" 

161 

66 

53 

356 

40 

78 

60 

104 

S3 

64 

1S6 

86 

67 

396 

50 

93 

67 

iifi 

TOT 

73 

JoS 

107 

77 

33" 

60 

T04 

73 

i?7 

1J7 

79 

238 

136 

B5 

3&3 

70 

M4 

^L 

"37 

»30 

»5 

346 

140 

9i 

393 

80 

'33 

79 

"47 

140 

89 

363 

ISO 

95 

419 

90 

'39 

81 

156 

U7 

9J 

379 

157 

99 

444 

100 

J  34 

83 

.64 

153 

96 

395 

e6i 

101 

468 
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Table  33.     Friction  Factors  for   Clbaij  Iron  Pipbs 

Argumeata  in  EagUsh  M«sur9 


DimmCtn 

Vekiril^ 

in  F«al  per  Socond 

in 
F»t 

r 

■ 

3 

4 

6 

ID 

IJ 

o.os 

0,047 

0.D41 

0,037 

D    034 

0.031 

0.029 

□^□aa 

O.I 

-03a 

-03a 

-030 

,03S 

.026 

-024 

023 

0.35 

03= 

.oaS 

.□a6 

-025 

,034 

-03V 

.021 

*»  5 

.oja 

.Q?6 

.OJ5 

.023 

.□22 

.02^ 

.019 

0.7S 

.cm6 

,035 

-024 

-023 

.021 

.019 

,ol4 

U 

.0J5 

-034 

-023 

-021 

.OSO 

.oiS 

.017 

1.33 

,oJ4 

.023 

.032 

.□21 

.019 

,017 

.016 

1-5 

■«3 

.oaj 

-03I 

.020 

.oiS 

.016 

f»T5 

i-7i 

.oaa 

,oai 

.020 

.oiS 

.017 

.015 

-014 

2. 

,011 

.010 

-O19 

,017 

.016 

.014 

-013 

^.s 

,010 

.019 

.oeS 

.or6 

.015 

013 

.O]  J 

3. 

,019 

.oi3 

.016 

.015 

.014 

0^3 

,□1} 

3'3 

.01B 

.017 

.016 

.014 

.013 

.012 

4- 

.017 

.oe6 

,015 

■0'3 

rOl   J 

-OH 

5- 

,016 

,015 

-014 

013 

,012 

6. 

-015 

,014 

,013 

,013 

-□11 

E>p]>iiBEiDn  La  An,  H6- 


Tablb  3i.    Friction  Factors  for  Clean  Iron  Pipes 

Arguments  in  Metric  MeasuTFa 


Dilkmeler  in 

velocity  m  M«Un  per  Second                                     | 

C«ntimcten 

0-3 

D.6 

E    0 

"J 

■S 

^       4-1 

'■5 

0.047 

0.041 

□-036 

0.033 

0.030 

D,02R 

3 
8 

.038 
■  031 

.OJ2 
.028 

.□30 

.026 

.027 
.024 

.025 
-023 

,023 
.02  E 

16 

,o?7 

.026 

.DI5 

.023 

-Oil 

.OE9 

30 

-O'S 

.024 

.QI3 

.QJI 

.019 

.017 

40 

,024 

-023 

,077 

.019 

,otS 

.016 

60 

.022 

.020 

.019 

.017 

.015 

013 

90 

.019 

.oi3 

.016 

■  OIS 

.013 

.OE2 

120 

,017 

.016 

.015 

-OIJ 

-012 

i3o 

.015 

.014 

■013 

.□12 

Bxplanftltun  in  An.   ]^|. 
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Table  35-     Friction  Head  for  ioo  Peet  or  Clbam  Iroh  Fife 


Valnrity 

in  Prvt  ver 

Swcnd 

mPHt 

■ 

t 

i 

4 

a 

le 

I» 

Fwt 

P«i 

F«t 

Part 

FHt 

Pbm 

Pert 

0.05 

1.46 

5.  TO 

10.3 

16.9 

34-7 

O.I 

0,S9 

i-M 

4'» 

6.97 

u-a 

37.3 

0,13 

,30 

0.70 

t.46 

3.40 

3-37 

13.7 

=9-4 

0.3 

■09 

0.3a 

0,70 

1. 14 

■a.46 

6.12 

"3-3 

07s 

.05 

.31 

0-45 

0-73 

1.57 

■    3-94 

S.40 

1. 

'<H 

"5 

'SS 

-59 

1. 11 

2.80 

5-93 

1.35 

.03 

.11 

« 

-4» 

0.83 

),it 

448 

"5 

.(M 

-09 

.>0 

'33 

.67 

1.66 

3  50 

1^75 

.03 

07 

.16 

.26 

■54 

"33 

a. 80 

3. 

-oa 

.06 

-        "3 

.11 

■43 

1.09 

J. 27 

*-S 

.01 

■OS 

.10 

.16 

'34 

0.81 

1,68 

3- 

,01 

-<H 

-07 

.ia 

.36 

.67 

1.40 

3.5 

.01 

.03 

.06 

.10 

.21 

-S3 

4- 

.02 

.03 

rO* 

■17 

-4!* 

S- 

.09 

04 

.06 

■13 

6, 

.. 

.01 

■03 

05 

'ID 

BipliuuiliQn  in  Art. 


Table  36,    Friction  Hbad  for  ido  Meters  op  Clban  Iron  Pipe 

Metric  Hdaui«s 


DUmclcr  in 
Centimaten 

Velocity  in  Mden  pbt  SKond 

0.3 

0.6 

I  0 

IS 

■■s 

4  s 

Ueun 

MtWn 

Uetfni 

Uaton 

Ueun 

Helen 

1.5 

"<44 

5.OJ 

13. a 

3- 

0.58 

'96 

5  10 

10.3 

26.6 

a. 

0.18 

0.64 

1.66 

3  45 

9  ^3 

27    1 

16. 

.OS 

-30 

.80 

1.55 

409 

"'3 

30- 

'04 

■  15 

'39 

o.fio 

2.02 

5^83 

40- 

.03 

.10 

.28 

■54 

1^43 

4-13 

60. 

'OJ 

,06 

,16 

■  33 

0.80 

2.24 

po- 

.01 

-04 

■09 

■  '9 

-46 

(■3ft 

ise. 

.03 

.06 

-12 

-3^ 

ito. 

.01 

.04 

.oS 
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TaBLS  37,      COBPFTCIENTS    FOR   CIRCULAR  COKDUITfl 
English  Measures 


in  Fret 

VcVtdly  in  Ptxt  pez 

Second 

1 

1 

s 

4 

6 

10 

■s 

1. 

96 

104 

109 

112 

116 

lal 

134 

1,5 

103 

111 

116 

119 

123 

lag 

13a 

3. 

109 

n6 

III 

1^4 

i?9 

134 

ijfl 

»-5 

"3 

120 

125 

138 

133 

'39 

'43 

3- 

117 

124 

12S 

13a 

136 

M3 

H7 

3-5 

120 

117 

^3' 

135 

"39 

146 

»5« 

4- 

ta3 

150 

134 

137 

MI 

ISO 

iW 

S- 

12S 

134 

139 

141 

H7 

>55 

6. 

IJ2 

13S 

H3 

"45 

»50 

7- 

a. 

«37 

i4« 

"43 

>45 

148 

149 

IS3 

HxplutitioG  ID  Art.  lOf. 


TaBLB   38.      COBFFTCIBNTB    FOR   ClRCtlLAR   CONDtnfS 

Metric  Musims 


Velocity  in  U«Un  per  SKond 

a.j 

S.6 

^■9 

T.J 

3.0 

4S 

0.3 

53 

57 

60 

63 

67 

68 

05 

57 

6] 

64 

67 

71 

73 

0'7 

61 

65 

68 

71 

76 

78 

0.9 

64 

68 

70 

74 

79 

Sr 

i-l 

66 

70 

73 

76 

81 

83 

1-3 

68 

7a 

74 

78 

S3 

1.6 

Ji 

74 

77 

flo 

t.o 

74 

77 

79 

83 

a. 4 

76 

79 

83 
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Table  39.     Cross-sections  of  Circular  Condtjits 
Fur  !■]]  MeaKurcs 


Dcplh 

PiffinivUir 

HjklllBDlic 

Radiua 

Vclrtdly 

UuchuEv 

d 

f 

a 

f 

V^ 

a  v''' 

Fun       i.o 

3.14a 

0.7854 

0,35 

0.5 

0  393 

0.95 

J. 691 

o.jToa 

0.2&G 

0.515 

'4U 

0.9 

'498 

07445 

0.298 

0.546 

.406 

D.ai 

3,?<0 

o,GHt5 

*»-3043 

0.55^ 

.376 

o.S 

J. 114 

0  67J5 

0,304.1 

0  553 

.37a 

D-7 

1-983 

0.587+ 

0.^95 

O.S44 

-3™ 

0.6 

1.77? 

□.4930 

o.27fl 

0-537 

^'59 

Half  Full  0,5 

I.S7* 

03917 

f>.J5 

05 

.196 

0-4 

1.369 

0  ^934 

0. 114 

0,463 

.t,i6 

0.3 

I' '59 

o.igBj 

Or    171 

0.414 

.oS?o 

0.3 

D,9*J 

c,ii[8 

0.121 

o..H» 

.03*9 

o.t 

0.643 

0.0408 

O.OO35 

0.15a 

.0103 

Empty     o.o 

□,o 

0  0 

0.0 

0.0 

G.O 

I 
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Table  40.     Coepptctents  for  Rectangvlab  Conduit* 


Unplvitd  I^LtDk 

lJni>JivLKl  Pivik 

KkmI  Lf  m? at 

1 

Bricli 

t-  i.fl J  PVrl 

*— a.«j  Pert 

^—  S.V4  FfeL 

fa— ft  *J  P*rt 

d 

c 

d 

f 

J 

r 

W 

t 

O.S? 

» 

0,20 

89 

O-iS 

nfi 

O.IO 

B9 

'4« 

108 

-30 

lOI 

.j8 

iJ5 

.3t 

9« 

.07 

113 

^4*^ 

109 

■  43 

1^3 

■49 

lOi 

.89 

114 

.60 

113 

-5fi 

135 

'57 

105 

I.OD 

114 

■  7» 

116 

-63 

136 

'65 

105 

I     19 

116 

.7a 

uG 

fi*J 

>3fi 

7« 

106 

i.jg 

»i7 

^S<i 

ItB 

.BO 

'37 

fli 

ID7 

1,46 

iifi 

■94 

i» 

'5' 

laB 

-97 

110 

I 
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TaBLB   41-      COBFflClBNTS    FOR   RbCTANGULAR   CoNDUITS 
Metric  M^asuna 


UnpluKd  Plimk 

UnpluwdPluik 

Ncmt  CflioRit 

Bnct 

&<-i.a  Mden 

&-tUet«n 

A-irSUetcra 

fr-  1,0  Uet«n 

4 

f 

<f 

e 

d 

c 

(J 

c 

o.oS 

55 

D.06 

49 

0.06 

64 

O-O6 

49 

-15 

60 

■  09 

56 

-oa 

69 

-09 

54 

-i8 

61 

'«5 

60 

-J3 

73 

■  15 

57 

,17 

63 

-iS 

62 

■  J? 

74 

-17 

5S 

-30 

63 

-20 

64 

■  19 

75 

.20 

58 

'3* 

64 

.34 

64 

.>i 

75 

,1> 

59 

■  39 

65 

-»7 

65 

'»4 

76 

.36 

6d 

-44 

65 

'^ 

66 

.37 

76 

-30 

61 
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Table  42-     Kutter's  Coefficients  for  SEWEna 

English  Measures 


i— 0 

J— 0 

I  — 4  01                       1 

BtLdiiu  r 
m  F«i 

■  — o.«i; 

»1— *  oit 

n— a  Di; 

«— 001? 

n—ft  01! 

■—0,017 

0,a 

5' 

43 

58 

4B 

68 

57 

0.3 

6d 

5T 

66 

56 

76 

64 

0.4 

65 

56 

73 

61 

Sj 

70 

0,6 

76 

65 

82 

70 

90 

76 

□  -8 

82 

7a 

87 

76 

95 

32 

i^ 

88 

77 

91 

So 

99 

a? 

IS 

100 

86 

J  03 

89 

loB 

93 

2- 

id6 

94 

108 

96 

III 

99 

3- 

116 

103 

]i8 

104 

iiS 

lOJ 
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Table  43,     Kutter's  Coefficients  tor  Sbweks 
Metric  MeasoTH 


Hydraulic 

J— 0. 

DDDDj 

J— 0 

DDSI 

J-*o.or 

EtAdiui  r 

I 

K— Q.4IS 

n— 0,017 

«— firOl! 

"— OAI7 

«  — OrOIi 

H-OfllJ 

COS 

36 

12 

31 

^5 

37 

30 

o,i 

34 

a? 

37 

3S 

43 

36 

0.15 

39 

33 

43 

36 

4S 

40 

o,t 

43 

3* 

4fi 

4^ 

51 

43 

0-5 

49 

4= 

51 

44 

55 

48 

0-5 

ss 

4* 

57 

SO 

60 

5J 

0.7 

6j 

54 

63 

SS 

63 

56 

i,o 

67 

S9 

67 

.« 

66 

39 
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Table  44,     Kctter's  Coef?tctents  for  Chankbls 
English  Mntsurea 


Hydiftulic 
HmdiuB  r 
inPrrt 

f  —  o.ocwoi 

r— o.aosr 

<— 

o,eT 

w— 0  OIJ 

n  —  o.eti 

1—0.0  JO 

f>-S 

3S 

31 

4' 

33 

47 

37 

1. 

49 

40 

Sa 

4' 

56 

4S 

i-S 

57 

47 

S9 

48 

61 

51 

7. 

^ 

SJ 

es 

53 

67 

54 

3- 

72 

59 

71 

59 

7» 

60 

4- 

77 

64 

77 

64 

76 

63 

5- 

81 

68 

80 

68 

79 

66 

6. 

86 

7J 

H 

71 

80 

68 

a. 

91 

76 

s? 

74 

81 

70 

10, 

96 

80 

9J 

80 

85 

73 

13- 

"OS 

89 

97 

84 

90 

77 

«- 

TT4 

lOO 

JOT 

9a 

95 

8a 

B:(pliuiatioQ  m  A/t,  J13. 
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Table  45.     Kutter'e  Coeppicibnts  pou  Chaijnels 
Metric  Measures 


fttdiiu  r 
in  JArtvrw 

Si^eMoaos 

J— a 

ODDI 

1—  0,01 

n  —  O.oti 

«i— 4.0J0 

B^D.OJ^ 

>i~o.ojo 

H^o.oaj 

■—0.0  JO 

□  .2 

i2 

iS 

34 

[9 

=7 

21 

0.3 

'7 

33 

29 

53 

3« 

S5 

OS 

3a 

37 

34 

27 

55 

38 

0.7 

36 

30 

37 

30 

3B 

3« 

l-O 

40 

33 

40 

33 

40 

33 

t'S 

45 

38      - 

44 

3» 

43 

36 

a. 

4a 

4' 

47 

40 

45 

3B 

J' 

53 

44 

50 

44 

47 

40 

5' 

59 

50 

53 

47 

5' 

43 
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Table  46.     Bazen^s  Cohfpicibnts  por  Channels 

English  McBBureS 


Hydraulic 
Ridiiu  r 

m^o.oA 

"»— p.t6 

•n-0.46 

ii>*o.as 

ia*i.se 

■-■'73 

I. 

142 

122 

86 

62 

47 

3B 

3. 

i4fi 

»3» 

100 

76 

60 

49 

3- 

148 

>35 

107 

^4 

67 

56 

5. 

iy> 

140 

"5 

94 

7a 

67 

7^ 

iSi 

14J 

130 

lOO 

84 

75 

10. 

153 

144 

>a5 

id6 

9. 

79 

BiplaiHtkiD  iq  Art.  US' 

Table  47^     Bazin's  Coefpicibnts  por  Channels 

Metiic  Measures 


H^rauliL 
Radiufi  r 

XE  —  e.o& 

m  — e,ib 

IH^D.ftA 

111-0-S5 

IH-^  1.30 

■  -1.7* 

OS 

So, 2 

70  9 

51      7 

39  5 

30.6 

35.0 

X. 

S2.I 

750 

6a. 0 

47-0 

37-8 

31  a 

3. 

83. 4 

78.1 

65.6 

54.3 

45-3 

38.9 

3- 

84.0 

79.6 

68,7 

58.3 

49.7 

43.3 

*- 

84.7 

81. s 

73,1 

63-0 

55.0 

48,8 
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1 

Tab  LB  48. 

Values  of  the  Backwater  Fumctiom 

1 

1 

n 
-3 

*{Bi 

1      ^ 

*{i} 

D 
1 

*(.") 

£1 
1- 

*(^ 

1, 

cc 

0.9M 

o.9fV3 

0,845 

0-50^7 

O.fil 

0,1058 

0  9^9 

'   1J*J+ 

.95= 

-S93' 

.R40 

■  493? 

.60 

.1930 

1 

.^^'^ 

i   95»3 

.950 

-*795 

-aji 

-4«JI 

■59 

-19015 

99? 

i.ai72 

.943 

.8665 

-Sjo 

■4733 

-SB 

.IK33 

99^ 

■'7JI3 

-9lS 

-*i39 

.8:15 

-4637 

h57 

.  1761 

.995 

1-&469 

944 

.B418 

.830 

.4544 

.56 

.1693 

.9^.* 

i,5MJ 

,94  J 

-*3Cil 

,815 

■  44S4 

55 

.Iblj 

9g.i 

I    5i4B 

.940 

.SiBS 

.fito 

-4S67 

-M 

1360 

.992 

1.490' 

■9J« 

■  B079 

-ao3 

-43S1 

-5J 

M97 

H 

■  9yi 

'   4iio 

■  93^ 

■  7973 

.8nn 

.419a 

-5» 

-M35 

^1 

.9*^0 

".4'S9 

'934 

787' 

-793 

-4117 

■  St 

'(376 

^1 

.9&q 

1,3841 

.93? 

■  177' 

,790 

■  4039 

-50 

-13'S 

^1 

.gas 

I ■ 3551 

-930 

-7675 

-7&5 

-J96» 

-49 

.]f6i 

^1 

■9^7 

UJI84 

.91S 

.75B1 

.780 

.38BG 

-4S 

-I307 

H 

,9^^ 

T-30J7 

-936 

-749° 

-775 

-^aij 

-47 

-"54 

^1 

-9^5 

E.  jSrJ7 

-9H 

,J4*" 

-770 

-J74I 

■  4S 

.IIDZ 

^1 

-9S4 

i.J59a 

,gjj 

■  73«5 

-765 

,3671 

-45 

-IO5T 

^1 

^ya3 

J-3J90 

.9«> 

,7^1^ 

,760 

■  3603 

.44 

-lOOJ 

^1 

.98; 

1.J199 

.918 

■  7^49 

.755 

.3536 

■43 

-0995 

^1 

-g»i 

1,3019 

.916 

7069 

.750 

-3470 

-4= 

-t*>Q9 

^1 

-QSq 

1.134^ 

,9H 

-*990 

'745 

-3flo6 

,4t 

-oftfiS 

^1 

'979 

1.1G8G 

-913 

-6914 

,740 

■  3343 

-40 

.083 1 

^1 

,978 

1153' 

.910 

-eB39 

735 

,3^3  J 

-39 

,0779 

^1 

'977 

1,1383 

,90a 

.6766 

,730 

.3311 

38 

073» 

^1 

-976 

I rll4T 

,906 

.6695 

'715 

■  3tfi* 

-37 

.0699 

^1 

-975 

J. [105 

.904 

.662J 

.JJO 

-3"04 

-,l6 

'.D660 

n 

-974 

'''>974 

,903 

.«.s5e 

■  7^h 

■  3047 

■35 

,ofij3 

^j\ 

■  973 

L-11&43 

,900 

.64B9 

-11a 

-J991 

■  3* 

-0587 

^ 

■  973 

1,0727 

'895 

-63^7 

.70s 

-'937 

-33 

.0553 

■ 

-97' 

J.nfiio 

.H90 

.6173 

-70 

-Jflflj 

■3a 

-0519 

■ 

1 

.970 

1.0497 
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■ 

,966 
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.66 
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-OS 
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Table  49.     Values  of  the  Dpop-down  Function 
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*(£} 

J 

*             0 
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60 
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i» 
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57 
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1.6452 
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56 

-   .D173 
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51 

-    .OJ9J 
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940 
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54 
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1,4876 
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5J 

-    .oGv7 
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7*43 
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51 
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989 
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50 
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49 
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1.3J41 
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48 

-     .M04 
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—      ,I3l6 
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.6691 
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97a 

I    1*57 
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735 
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7^5 

3I03 
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975 

T . I0?0 

904 
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*943 

35 

-  .2508 
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*S 
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*4 
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63 
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5.aqo  5-336  S-Bfli  5-4=9  S-476 
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*'4 

5, 7(0  S-ft>B  5.^56  5.905  5.954 

6,003  ^-05=  6.ro[   6.150  6.300 
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a- 5 

6.3^  6.31m  Cr35i>  (}-4cti  6.45a 

6  503  6.554  6.605  6.656  6.7d4 
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a.6 

6,76^-  6-^13  6,864  6.ql7  6,q70  ,  7,033  7.076  7,i*»  7.ia>  7,336 

54 

"  ? 

7-390  7-344  709*  7-453  7!^* 

3,563  7-61 B  7.6J3  7-7«  7-784 

sft 

a.4 

7.84CJ  7-B</i  7  95s  B-Qoq  b.o66 

8,u3   S.iflo  a.:i37  S.aiM  8,351 

5« 

i.g 

8,410  8-4ti&  S.saO  3-595   B.Q44 

Bh703  a.7ta  B,8ai  ShSSq  6. wo 

60 

31 

g.oco  g.ofio  9.130  g-ifli  9.343 

9.303  9- 364  9  435  9-486  9,54a 

6> 

^ 

J-i 

9.6ro  9.673  9734  9. 707  9  S^o 

9.933  9.9D6   10.05   '°  TT    ro.iS 

6 

■ 

3  = 

10.34   1030  10.37   10-13  10.50 

lo.s'^   10.63   1(1-69   10,76   lo.Sa 

7 

^ 

3-3 

1D-S9  iD,gri  ii.oa  Ei.og  11. [6 

11. 3S   II, ag  11.36   Ti.ji   ir-4q 

7 

J-4 

TT-56  n-ti3  ix-Tfl  T1.76  II, M3 

IE.9O    T1.97    17,04    13,11    I3.E3 

7 

3'9 

la.a;   13.31   "-39  [1-46  iz>S3 

ia.60  ia.67  J3.74   ia.B»  IB.99 

7 

3.6 

13.96   13.03  13.10  13.18   13.35 

13.33  13  40   13.47   '3. 54  T3-63 

7 

3' 7 

13.69   T3,76  13.^4   ij.iht   13-W 

14.06  14.14   i4"ai    14  ag  14-36 

B 

J- 6 

14-44   H  51  14  59   ^■l  (17   H-75 

14,83  74. QO  E4.9&   15.05   15.13 

a 

3  3 

la-aT    15. 3q   15.33    15.44   IS-5' 

15.60  15. 63   15,76  15. &4   15.^ 

a 

+.0 

i6.go  16, oS   16.16  16.34   16.33 

16.4E?  16,43   16.56   16,65  1^-73 

a 

I 

4-" 

16.M   16.&9  i6.g7   17,06   17. 14 

17.33   17-31   17-39  n.47   17  56 

a 

■ 

4.1 

17-6J    17  7*   '7-Si   17  Bg  T7.9G 

ia.o6  16.15   1H.33   19.3a   1S.40 

g 

■ 

A-3 

ja.49  16  58   1^.66   18.75   18,84 

18.9s    J9,oi    iq.10    [9.1B    lq.97 

9 

■ 

4-4 

19.3&   19  45   19-54   ig  (13   lq-7» 

19.  Bo  19.89  i9-g8  30.07  aO-l6 

9 

■ 

4.5 

30,35  =Q-34  ='1-43  30.53  30,&i 

ao.70  30,79  'O.BB  ^,ga  31.67 

9 

^ 

4.'i 

3].i'i   ^J.3^   ^['3-1   3i'44  3f-i3 

11.62    »l.7»    3T.flT     51,90    33. OQ 

9 

4-7 

33,09  33, iS  33,38  33.37  33.47 

33.5f>  33.66    33.75    =2-35    W.^ 

10 

^ 

4-fl 

33.04  33.14  =3-33  ^333  aj-43 

33-5=  =3'6a  =3-73  7%Hi    33.91 

TO 

■ 

*■) 

34.01     34. EI     3431     34.3034.40 

34.50  34.60  34.70  34,*!  24.90 

10 

■ 

5.D 

35.00  35,10  35.30  15  30  35.40 

15-50  35.60  35,70  35.81   a5.gi 

TO 

■ 

5-' 

g6,D(   36.11   36,ji   36.33  3&.4a 

B6.53  «&-63  36.73  =6,^3  26.94 

10 

■ 

5a 

37.04  a7,U  37-15  S7.35  BT.4e 

I7.5&  a7.i?7  17-77  =7-fi»  »7-'J-^ 

it 

■ 

5  3 

3B.09  38, 30  3S.30  3H.41  3H-f9 

38.63  38.73  =3.84  38.94  39'*>5 

11 

■ 

5.4 

aq.ifj  31;, 37  39. 3B  ^-48  39,59 

39.70  39.81  19.9J   30.03  30.14 

11 

Dm 

1 

m 
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W                     Table  50.     SguARCS  of  >jumb£rs 

M 

■ 

0           I           1           3           4 

S           6           7           B           9       [Di£! 

S-5 

30.15    yt.^6    30,47  30.5a    i0.tjq 

3o.5d  35,91   31.0a  31,14  3J  '5       ^J 

5.6 

31.30  31, JT  3I-5S  J^;0  31, BJ 

31-93  33-04  33.1^   33,36  33.38      11 

5-7  ,  aa'40  33. to  31.73  31^3  3a. gj 

33-06  33  la  33  39  JJ"4i    33-53       11 

sa 

33-''4  33  ;6  33  87  33  W  34'! 

34-12  34  34  34'4<^  34  57  31  ^^9 

13 

50 

34-ftl   34-93  350s  35iO  35.28 

35-*P  35,5a  35-64  35.76  35-*S 

11 

6,D 

36,00  36.11  36.34  36.36  36,48 

36.60  36.71  36.84  36-97  37'09 

la 

6.  J 

J7-IJ   37- J3  ^7-45  37  5fl  37'70 

37h83  37-Q5  3B-07  3^'^t  3*-33 

II 

^^^1 

6,9 

38,4^  3^.;^  3a.6(j  3^.31   3i*,g4 

3f^o6  39,19  39.31  39.44  39,56 

>3 

<S3 

3965  3y  ia  3994  40,tv7  l'>-aw 

40,33  40.45  40.58  40,7"  40.83 

'3 

e-4 

40.96  41-09  41-22  41-34  41-47 

4t-60  41-73  41-86  41,99  43-12 

13 

6.5 

41-aS  43.38  43-il  4».<J4  43,77 

42.90  43. d3  43.16  43  30  43  43 

«3 

6.6 

43-56  43-^J  43  3a  43.9^  44  <** 

44.33  44-3^  44-45  44  ^^3  44-76 

'3 

6.7 

44.Bq  Ai^oa  451^  45-39  45-43 

45.56  45-70  45-B3  45.97  46.10  1  u 

■ 

6.a      4^'34  4b-)b  4A.;t  46.65  4fi,7g 

46.91  47.06  47.20  47-33  47-47 

■ 

6.9 

47'6t  47-75  47  B9  **-«  4H.1t 

48. 30  4^.44  48-58  48-73  48  S6 

7-fl 

49,00  49.14  49-38  49-41  49  56 

49.70  4^-84  4998  50,13  50,37 

M 

50,41   50-5i   50,69  5&fl4  5o,gB 

St,ia  51.27  SI. 41   51.55   5*70 

•J' 

51.84  5T'93  5>.i3  53-»7  53.4^ 

Sa.56  5^.71  53,65  53.00  53  14 

7.3 

53^9   51-44  53  SB  ^3-73  53-33 

54,03  54.17  54-33  54-46   5461 

7-4 

54-7*1   54.9i    55  u6  55-SJ  55  35 

55  50  55-65  55. Bo  55.95  56  10 

7-5 

56,35  56.40  56.55  56.70  56. H5 

57,00  S7-Ti  57.30  57-46  57.61 

7.6 

57-7^  57-91   SB  06  jB.sa   Sfl.37 

5&,53  5B.'*8  5B  B3  58-9*  59  M 

7-7 

5<*,ag  5q-+4  59  t«  59-75   *99i 

60,06  6o.fla  60.37  6d-53  60,6a 

^ 

7.8 

60, B4  61  00  61. t5  6 J. 31  til, 47 

61,61  61.78  61.94  ftl-OQ  63.35 

16 

■ 

7-9 

62-4]  62.57  ^3'73  63-8B  63,04 

63.30  63.36  63.53  63.68  <i3  64 

t6 

w 

8.0 

64.0a  64. t6  64.3T  64.4a  64.64 

64.80  64-96  65.12  65.29  65.45 

16 

B.( 

65,61  65.77  65,<J3  66,10  66,36 

66  41  66.59  66.75  66.91   67,08       16 

I 

fl.l 

6T-34  &7-40  67,57  67-73  ^7  90 

6e,o6  68.1:3  68,39  ^^"5^  frB,7i       17 

■ 

»-3 

ta.Sq  69.06  hq.l-l  69.39  69.J6 

69.73  69.89  7D.06  70-32  70.39      17 

■ 

8.4 

70,56  70.73  70.90  71.06  71  aj 

71,40  71-57  71-74  71-9"   7>^* 

17 

■ 

B.S 

73,35  73-43  73.59  72.76  73  93 

73-10  73-37  7:i'44  73-63  73-79 

17 

■ 

e.6 

73.96  74.'3  7-"'30  744«   74-^5 

74-^3   75-00  75  17  7534  75-53 
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Ii 
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75.69  7S-S6  :^i5j  7'"i  7639 
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18 

fl.O 
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81.9a  S1.QS  B2.36  ^3.45  83.63 

18 
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^3.73  S3.gi   84  09  84.17  84,46 

iS 
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S5-56  85.75  »5.93  S6.I3  86h30 

19 

IP 
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B6.49  36.68  86,86  ^j.a^  87.24 

83.41  B7.hi   87.^0  87.90  BB.iT 

19 
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89,30  B9.49  89.6a  89.S7  90,06 
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^ 
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'9 

■ 
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y 

fl-T 
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95,06  95.36  95,45  95.65  95  04  '   so 
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9-9 
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m 
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.^77 
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7a 

»3 

-3556 

.35JI 

-3634 

.0113 

6479 

.6366 

-9887 

-13S4 

77 

^H 

'4 
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3*i37 

.396S 

.OIJI 

.6161 

.ftojJ 

.9M9 
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,4jai 
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-57 '9 

-9849 
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1.4401 
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T.9fl2fl 
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^^m 
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-47Js1 
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-5 '47 
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jS 

■497  s 

4900 
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.5100 

.4887 

-9781 
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7J 

^1 
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»9 
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.51  Jb 

5370 

.0343 

-4H74 

.4630 

-9757 
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^H 

^^ 

30 
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534' 

.55  u 

,0370 

'4^59 
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-973" 
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7° 
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^H 

It 
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0.4457 
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^i 
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.03^8 

.4364 
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.6036 
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-GJ79 
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.4081 
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J4 
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.6093 
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-33  "3 
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65 
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1-9537 

0,0481 
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^^H 

37 
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,6s7a 

-707  J 

.0501 

3430 

,2g38 

-9499 
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63 
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-6890 
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-J'ST 

.0541 
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-^743 

-*J419 

''>343 

61 

^^H 

a^ 
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-3144 
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.941a 
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61 

^H 

30 

.7190 

.69CfO 

.7614 
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60 

^H 
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T,;738 
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o.iSSi 
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^-933' 

o.oia? 

59 
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3a 

,747a 

.734? 

^7958 

.■>7i6 

-37?li 

,J04= 

.9284 

0,0053 

58 

^^B 

33 

■  7^4 

73fii 

.81*5 

.07(14 

-a6Ti9 

.i!^75 

.9336 

1.9978 

57 

^^H 

34 

■  7734 

^747^' 
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.0814 

-'5 '4 

.171Q 

-9"!*6 

,99"  t 

SG 
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35  . 

.7859 

.75K^ 
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-a4U 

.IS*B 

-9i:S4 

,g8j] 

5S 

^^1 

3fi 

I.79H? 

1,7693 

1,8613 
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'0  3JO0 

0.13B7 

t.9080 

'■9743 

54 

^^^B 

37 
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-7795 

■  8771 

-*'977 

-J  JO  J 

.J  j^ 

.90?3 

,96c  J 

ii,s 

^^^B 

3H 

.*?I7 

-7&93 

.8918 

-1035 

.J107 

.1073 

-890;^ 

-9.S7<J 

53 

^^^B 

39 

^»3'9 

-79^9 

.9084 

-'095 

.JDll 

0916 

-89^5 

9491 

5r 

^H 

40 

-»439 

.fioFfi 

■9^38 

-3157 

.igig 

.D762 

*843 

,94tJS 

50 

^H 

4' 

^'*547 
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0-1773 

□.1S31 

0.0608 

1.B778 
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49 
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43 
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9544 

.1769 

-"745 

,0456 

.8711 
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4B 
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43 
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-Bj^H 

.9697 

''Ji9 
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-0303 

.8&41 

,914" 

47 

^^H 

44 

«h53 

.Fi4Eb 

.9^48 
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.1583 

-0152 

.85^-3 

.91*46 

46 

^B 

45 

«95' 

«495 

Ol 
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0. 

-8495 

8951 

4! 

H 
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Iai^Aih 
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or  NUUB 

£BS 
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1 

■ 

D 

1 

1 

3 

4      1      5 

e 

7 

fi 

9 

JDiff 

1 

LO 

OffB 

D043 

□oAfi 

Olltl 

0170  1    fSH 

UJ53 

11J94 

<-»334 

V374 

43 

11 

0414 

0453 

049' 

0531 

os6y  1  Q(V7 

ti04S 

0002 

o;iq 

0755 

38 

11 

07fl3 

qSsiI 

u304 

oSyg 

0934  1  ogtg 

1DCI4 

IO>& 

1073 

tiob 

35 

^ 

"J 

II  JO 

"73 

1206 

"39 

1271 

1503 

"335 

U*>7 

'399 

M30 

33 

■ 

'4 

1461 

IJ-J2 

I5J3 

1M3 

ISS4 

1614 

16+4 

"073 

i?oi 

1733 

30 

V 

ti 

1761 

t7^ 

iSiB 

l?47 

1B75 

jgo3 

'931 

^959 

19*7 

1UJ4 

36 

j6 

agji 

3</>S 

aoqi 

2133 

2143 

3175 

22UL 

3237 

>'53 

3379 

37 

. 

"7 

ajoj 

aj^o 

3335 

i]aa 

1405 

2430 

3  J  5! 

3460 

ai04 

35  >9 

>5 

■ 

■a 

=  S53 

a*y7 

itXil 

2^2  J 

Hk^a 

ab72 

ao^ 

371  S 

'7^' 

J7fJS 

=4 

■ 

1** 

3?SS 

aSio 

3S33 

iS^6 

3B7B 

jqoo 

=953 

3945 

a-fij 

JflBy 

aa 

■ 

JO 

^010 

ji>^i 

3054 

3C>?S 

Wq6 

311S 

3^39 

3ibo 

31B1 

JBOI 

31 

■ 

91 

3a=a 

114! 

3^3 

3^*4 

33-^ 

3324 

3346 

33^5 

3335 

34*4 

AO 

■ 

11 

34  2J 

3444 

34^4 

3J*3 

35o» 

353a 

3S4' 

3jbo 

3579 

359S 

19 

■ 

=3 

3617 

3f,3& 

3&75 

3<'74 

36y3 

37U 

3759 

3747 
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3784 

l» 

■ 

34 

3kia 

3&W 

3B3S 

365* 

3374 

389a 

3909 

3937 

3945 

396" 

IS 

■ 

>S 

3179 

399? 

40 '4 

4031 

4046 

4«tS 

40*3 

4093 

4110 

4133 

«T 

■ 

a6 

4150 

41(16 

41^3 

4JL10 

43^b 

4*32 

4'49 

4165 

4tBi 

4i>9* 

'7 

■ 

a? 

43>4 

43  30 

4W& 

4361 

437B 

43^3 

4409 

4435 

444« 

4450 
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■ 

ifl 
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JiS; 

450= 

4513 

4533 

4S4£ 

45^4 

4579 
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^ 
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4614 

I'hVJ 
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Jbbg 
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4b5S 

47U 
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4743 
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^k 
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4l^tJ0 

4Br4 
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1*57 
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^^H 

3^ 

igM 
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4'1J3 

4^55 

4q64 

J9B3 

4997 

5011 

5tM4 

503H 

14 

^B 

3> 

5051 

5065 

Ei>79 

5093 

5105 

5119 

iJ3a 

5145 

31S9 

5171 

'3 

J3 

iiSs 

5198 

«2I] 

5314 

5337 

3350 

5Tfi3 

S2i6 

53ft* 

5302 

*3 

^H 

34 

iJiS 

53ifl 

53 10 

S353 

5366 

53:a 

539" 

3403 

-541* 

34»S 

13 

^H 

35 

SJJI 

5153 

51 ''a 

5ija 

549U 

Sjoa 

55  U 

5?  17 

^539 

!65i 

12 

^^H 

3fi 

55  Cj 

5575 

S5S7 

5599 

5611 

5*33 

5635 

^7 

5fi5S 

5670 

12 

^^H 

37 

SbH 

^''94 

570* 

3TJ7 

5739 

S740 

5753 

STfiS 

5fta« 

C7B6 

13 

^^P 

33 

5;^ 

5^ 

jyar 

5*33 

5^43 

5^55 

5666 

5S77 

5999 

II 

^V^ 

33 
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i')=a 

5933 

5944 

595  S 

59M 

5977 

599* 

5991 

Coio 

tl 

^^L 

40 

&U21 

6031 

6u4a 

605} 

6064 

to75 

60a  s 

6dq6 

6107 

6117 

11 

^^H 

it 
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6149 

6r6c 

firTD 

61B0 
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^20T 
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6133 

11 

^^M 

4' 
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hii} 

fiaji 

6363 

6*74 
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6?qj 

63OJ 
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10 
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6335 

6345 
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6365 
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6405 
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fjr.fS 
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b6iB 
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toj6 

tbSfi 

6665 
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66q3 
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4S 
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6S4B 

M57 

fiSM 
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6937 
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ft9SS 
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7135 

714^ 

7I6» 

Ji 

^^B 

if 

71*0 

7L6S 
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730D 

730fl 

73  t6 

4 

^B 

54 

7311 

7333 

7340 

7348 

735^ 

7364 

737' 

jjflo 

J3fia 

7396 

H 

» 

0 

I 

1 

3 

4 

3 

6 

T 

s 

9 

1 

I 

dl^aiuliuti  in  Art_  1. 

■ 

P 

P 

Mathematical  Tables 

1 

H 

^ 

■^ 

Table  54 

.     Logarithms 

OP    N 
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0 

1 

a 

3 

4 

5 

6 

7 

b 
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Difl 
B 
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55 

7404 

74" 

7419 

7437 

7435 

74J3 

7451 

74  !9 

3J6fi 

7474 

56 

74^3 

749« 

7497 

7305 

75  1 J 

75JU 

7Mfl 
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7543 

7551 

^^^^^1 

57 

7551 
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7534 

75*3 

7599 

7597 

7604 

761a 

7611) 

7637 

^^^^H 

sfl 

;t'34 

764  s 

7tf49 

J^^J 

7b\n 

767a 

7679 
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7*194 

7701 
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;7i>9 
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7723 
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775! 
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77"; 
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^H 
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3833 
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Gi 
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Bi7fi 
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B1S9 

7 

^H 
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a^iv) 
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6J48 
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Sa67 
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B363 
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S3BT 

^H 

6q 
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Ssu* 
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^H 
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K53' 

»537   1   B543 
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[ 
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73 
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flcjs 
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74 
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8710 
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S737 
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^H 

TS 
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8763 

avfie 

8774 
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8785 
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^H 

7* 
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8B31 

BS37 
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77 
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HS71 
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Be93 
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8904 

89J0 
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7& 

8971 

§9S7 

8433 

B93B 

8943 

8949 

B954 

89^ 

89*5 

8q7< 

^^M 

11 
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a^ea 

B9tl7 

Bqg3 

8948 
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9009 
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^M 

Bo 
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9>49 
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93DI 
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H4 
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9"4fl 

9251 
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^H 

S« 
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^H 

B7 
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BS 
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5 

^H 

' 

9' 
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0605 
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966G 
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97S6 
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V^i 

984? 

98JO 
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Num. 

(lUdlH  it  rtlcLc  nt  i^za  >  |,J 

BrBboL 

Nhoba. 

l-D«-i«i™- 

Am  of  drclr 
Burhn  of  uplirrv 

air 
4" 

3   MiS0a6s4 

&.  JS3  iBs  307 

ia,stF6  3;olSi4 

0  «7  r«9«73 

r-onao9a&4 

0'4«3  59S77* 
ft-m  3*8163 
1.570  79*  337 
41S779OMS 

1.718  99S6aa 
J-a95nfi4  8Si 
0.19611^  A77 
o-69ao8S6QQ 

IT" 

9-B646044OI 

i>,9W  ■99745 
0,14*574936 

Dci{iw*  lit  A  mliifl 
Maiuirt  int.  riMlivi 

T8a/jr 
648000/11 

57-"q5  779  5'3 
3  437-74'>77' 

3062^4  dc£ 

I  75S  1  ai  b3S 
3  S3&  '73  E^e3 
5  3M4aS  1^3 

0.31a  309886 
0-5641B9584 

Drioi  jar  184 

1.5011450137 

1   7ST4"io64 
1  «>5  7oos5S 

CiTfunArthrt/jto 

tint' 

0-017  453593 

□  .DJ7  4^144:6 
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Absolute  velocity,  fip,  74,  402,  4^6 

Acceleration,  4,  13.  10,  548 

Acre-foot,  350 

Adams.  A,  L„  ajfi 

Adjutage.  173.  jS6 

Advai]tag«niBnoEEle,43i 

section,  376,  279 
velocity,    40a,    417- 

Air  chamber,  J35.  394,  503 

Air-lift  puiflp,  523 

Air  valve,  ai8 

Anchor  ice,  6 

Answers  to  problems,  54Q 

Approach,  angle  of,  436,  450 

velocity  of .  56.  134,  146 
iSa,    153 
Aqueducts,  1.  904^  265 
Ait:himedes,  1,  26,  495 
Areas  of  circles,  16,  560 
AtTnospheric  pressure,  »,  9,  19,  35, 
44,  49Bh   547 

Backpitch  wheel,  433 
Backwater,  33*,  334,  335 

function,  336,  566 
Ball  nozzle,  193 
Barker's  mill.  437 
Barometer,  9,  19,  49S 
Bazin,   H.,    a,    105,    159,   169,    aoo. 

J74t  565 
Bazm^s  formula.  ><}0,  ^a^ 
Bemouilli,  D.,  1^  76.  186,  ijj6 
Bidone,  G.,  j,  139,  34J,  378 
Blow-offs,  ?iM 
Bodmer,  G   R  ,  445 
Boiling  pnint,  10,  498 
Bore,  344,  345 
Bosaut,  C-.  2.  Ill,  113 
Buoyancy,  center  of,  30 
Bowie.  A.  J.,  ijz,  433 


Boyden.  U.,  84.  464 

Boy  den  diffuser,  463  , 

hook  gage,  84  ^ 

turbine,  370,  447 
Bramah,  J,.  33 
Branched  pipes.  349 
Bresse,  M.,  336,  339 
Breast  wheels,  418,  434 
Brick  conduits.  jSs,  J93 

sewers,  385 
Brooks.  165,  306 
Browne,  R,  E.,  433 
Buckets,  4J7 

Bucket  pumps,  1.  49S*  5'3 
BufI,  H.,  183 

Canals,  365,  3S6,  339-  34i»  351 
Canal  boat,  479 

lock,  laS,  137 
Carpenter,  R.  C,  390 
Cascade  wheel.  433 
Castel.  183,  213 
Caatclli,  B„  3 

Cast-iron  pipes,  304,  a6i.  559,  j6o 
Center  of  buoyancy.  30,  488 
of  gravity.  31 
of  pressure.  35,  38 
Centrifugal  force,  ji 

pump,  514 
Chain  pump,  i,  495 
Channels,   365,   3S0,   301,  386,  565 
Chejiy,  3 

Chezy's  formula,  a6i,  3(19,  301 
Cippoletti,  165,  166 
Circles,  areas  of,  54J,  570 

properties  of,  373,  558 
Circular    conduit,      366,     370-375, 
301,561-564 
orifices,  53,  T16,  139,  sji 
Classification  of  pumps,  496,  53J 
of  surfaces,  383,  390 
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Duty  of  water,  js" 
Dynamic  pressure,  67,  375-411 
Dynamo,  371,  470 
Dynamometer,  363 

Effective  head.  56,  114,  240,  360 

power,  356,  36a 
Effidency.  66,  356,  413 

of  jet,  133.  180,  400 
of  jet  propeUcr,  4S2 
of  motors,  355,  365 
of  moving  vuieE,  40D 
of  paddle  wheels,  4S4 
of  pumps,  497-53S 
of  reaction  wheel,  411 
of  screw  propeller,  486 
of   turbines,    356,    363, 

441-464 
of  water    wheels,    3^6, 
40J,    4i^,    4Up   4^7- 
435^484 
Egg-fihaped  sewers,  3^4 
Elasticity  of  water^  11,  10 
Electric  analogies,  152,  534 

generators,  372,  469 
Elevations  by  barometer,  10 
Ellis,  T,  G..  lao 
Emptying  a  canal  lock,  137 

a  vessel,  59,  72 
Energy,  4-  S.  7*h  '97 
loss  of,  133 
in  channels^  a6g,  300 
tubes,  170^  197 
of  a  jet,  65 
EngUsh  measures.  3 
Enlargement  of  section,  173,  796 
Entrance  angle,  426,  450 
Errors  in  computations,  15,  loB 

in  measurements,   105,  132, 

14=.  35^ 
Eureka  turbine,  367,  445 
Evaporation,  347 
Ewbank,  T.,  506 
Ewart.  P.,  5S0 
Exit  angk.  4j6,  4Sp 
Expansion  of  section,  173 
Eytelwein,  J.  A.,  2,  112,  1S6,  195 


Faesch  and  Picard,  446 

Falling  bodies,  13,  ai,  46,  53S 

Fanning,  J,  T.,  ui 

Filaments,  210,  267 

Filler  bed.  a6a,  539 

Fire  hose,  313,  357,  afij,  530 

service,  248.  3 S* 
Flad,  H„  91 
Fletcher,  R.,  ai8,  390 
FUnn  and  Dyer,  166 
Floats,  3'Oh  3'9 
Flotation,  depth  of,  37  ' 

stability  of,  99,  48S 
Flow,  dynamic  pressure  of,  375-410 
from  orifices.  48.   109-140 
over  dams,  157 
of  electricity,  152,  534 
in  canals  and  conduits,  26$- 

304-  34° 
in  rivers,  3*^5-345 
through  pipes.  75,  104,  *o4- 

365,  aSfl 
through  tubes,  170-303 
through  turbinea,  446 
under  pressure,  53,  79 
Flynn,  P.,  3S4 
Foot  valve,  501,  505 
Foote,  A,  D,,  124 
Force  pump,  i .  496,  502,  506 
Forebay,  398,  340 
Foss.  F.  E.,  293 

Foumeyron  turbine,  3,  440,  463 
Francis,  J.  B.,  a,  149,  153,  154,  157^ 

1S6,   310,   368.   449 
Francis  turbine.  440 

float  formula,  311 
weir  formula,  152 
Freeman,  J.  R.,  103,  aoo,  jij 
Free  surface.  6,  24 
Fiictional  resistances,  46 

in  channels,  269,  294 
in   pipes.    195,    208,    47J 
in  pumps,  501.  507 
in  turbines.  414,  4 38 
in  water  wheels,  414, 435 
of  ships,  475,  47a 
Friction  brake,  363 
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Friction  factory,  aig,  357,  559 

heads,  Z09,  326,  397.  560 
FriMll  J.  P..  5'4 
Fteley,  A,,  148^  149-  'S*-  »5S»  »S7 

Gages,  4,  84-9J 

Gaging  flow,  8j,  131,  14=,  318 

of    rivers,     31J,  31a,  319, 

33".  350 
Galileo,  a<  3 

Gallon.  4,  8.  545 

Ganguillel,'E.,  2S1 

Gasoline  differential  gage,  93 

Gate  of  a  turbine,  440,  441,  463 

Gat«s,  pressure  on.  40 

Gate  valve,  217 

Girard.  P.,  464 

Glacier,  flow  of,  394 

Governor,  47 1 

Cradienl.  hydraulic,  ijj,  138 

Graphic  methods,  105 

Grass],  G.,  1 1 

Gravity,  acceleration  of,  13,  »o 

center  of,  3  a 

Ground  watLT,  350 

Guides,  443,  450,  456 

Head,  jj.  S7,  [43.  306.  360 

and    pressure,    34,    43,    410, 

54 J,  549 
losers  (if,  133,  160,  194,  J9J 
nn-'^inureinenl  of,  Sj,  S5,  131 , 

Heat  unitR,  511.  ^:^3 

HcrinR.  C,  j^j 

Hd.nht  of  ji'ts.  4^,  i3q,  T9J 

ikriichcl,  C.,  94.  "S4'  ^55-  '^9 

HIsl'TJcjil  ntflos,  I,  22.  J04,  265 

Ti<']yoke  Icsi:^.  .^ff'^  447 

Hook  •^iv^i-.  ('.  f*4,   «.?".   "43,  307 

H<.rizi>nlal  inijiulsc  wlu-cla,  4^4 

rnni;i'  u(  j  jtl,  ^3,  193 
Horfii,'-|ii)"-iT,  5.  iS,  355.  371 
llorsoshnc  c<.tn<luils,  293 
IIi^sc,  -13,  557.  ?^i3,  5J9 
lliju*i<,--*n'r\'ici' yiipt's,  J43 
Huniiihrt'VS  and  Abbot,  30S,  330 
Hum  lurbint,  444 


Hurdy-gurdy  whed,  413 

Hydraulic  engine,  gio 

gradient,  21^.  sji 
j^irop.  343 
mean  depth,  366 
motora.    3SS-J7J*    40J- 

47*.  5*3 
radius,  365 
nun,  517 

Hydraulics,  defined,  i,  7 

theoretical,  46-Ao 

Hydromechanics.  1,  393,  474 

Hydrometric  balance,  31  j 

pendulum,  311 

Hydrostatic  head,  J4,  76.  87 

HydrostaticB,  i,  33-45 

Ice,  6,  iS,  538 
Immersed  bodies,  384,  477 
Impact,  174,  310,  378 
Impeller  pump,  511 
Impulse,  67,  37S 

turbines,  441,  461 

whi-els,  4?3-43J 
Inclined  tubes,  196 
Inertia,  movements  of.  39,  489 
Injector  pump,  7S,  5^3 
Inslmmenis,  81-103 
Inivard-flnw  turbines,  440,  459 
Inwjird-proj^'cling  lubes,  1S4 
Irrigation,  hydraulics,  351 

Ji'l  propeller,  4S1 
Jfi  pump,  513 
Jets,  63-61^,  556 

cnntr:!C[iCin  of,  i,  no,  m 

cncrEj-  of,  65 

frum  nozzles.  19J,  431 

heijiht  of.  M3,  193 

ins|"iul*ic.^  of.  67,  397 

on  \':int's,  310,  395 

^liith  uf,  63 

nmj;!'  uT.  63,  64 
Jonval  turbine,  440 
Joukowsky,  X.,  393 
Jump,  334,  34» 
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K«!ly  motor,  33 

Kilowatt,  3Ji 

Kinetic  energy,  5,  7* 

Knot,  474 

Kuichling,  E,,  717 

Kutler,  W.  R.,  a,  aSi,  564 

Kutter's formula,  361,  281,303,306 

Lampe's  formula,  a6i,  363 

L«ail  pipes.  704 

Leakage,  359,  456,  50X,  ju 

Least  squares,  method  of,  107 

LeiTel  turbine.  444.  445 

Lesbros,  J.  A.,  114,  jag,  149 

Lift  pump,  499 

Lighthoufies,  3S5 

Linen  hose,  u^j 

Log,  311,  474 

LoKarithms,  ig.  573-576 

Long  pipes,  aj6 

Loss  of  bead,    133,    lAo,    ii>4,   207. 
?i6,  a4j4,  56a 
in  contraction,  176 
in  curvature^  313 
in  entrance,  185,307, 

326,  29s 
in    expansion,     173^ 

>9St  S07 
in  fnction,  195,  ao8, 

J47.  "97h  S*>7 
measurement    of,  8j, 

U'p  197.  ajo 
Loss  of  weiKht  in  water.  a6 
Lowell  tests,  368 

Mariotte,  ?,  500 

Mars, 'water  on,  14 

Marx,  Wing,  and  Hoskins,  255,  256, 

aSq 
Hasonry  dams.  ss.  45 
Mathematical  constants,  568-^76 
Mean  velocity.  5J.  97,  199.  2xft,  367 
Measuring  instruments,  81-103 
Mercury,  9.  55-  '3S 
Mercury  gage,  88,  90 
Meiriman,  M..  39J 
MctacvUteT,  3°P  4^^ 


Meters,  cun-ent,  99 

water,  93,  131,  319,  358 

Venturi,  94 
Metric  system,  j,  18,  43.  78,  137, 

167,   aoa.   a69,   301 
Michelotti^  F.  D.,  ua,  113,  139 
Mill  power,  371 
Miner's  inch,  ia2 
Module,  tij 

Modulus  of  elasticity,  11,  30 
Moments  of  inertia,  39,  4S9 
Morosi.  J..  3^9 
Motors,  3S7-370 
Mouthpiece,  1&6 
Moving  vanes,  399 

Navel  hydromechanics,  474-494 
Navigation  canalsf  341,  479 
Negative  pressure,  77,  180 
Newton.  1,,  2,  13,  iia 
Niagara  power  plants,  372,  465 

turbines,  44  a.  446 
Noble.  T,  A.,  256,  189 
Non-uniform  flow,  339 
Normal  pressure,  31 
NoEiles,  189,303,340,390,430,530 

jets  from.  103,  J91,  243 
Numerical  computations,  14 

Oar,  action  of,  483 
Observations,  discussion  of,  loj 
Obstructions  in  channels,  295 

in  pipes,  317 
Ocean  waves,  373,  386,  43S 
Oil,  55,  91 

Oil  diETcrential  gage,  91 
Orifices,  48-62,  T09-140,  551-553 
Oscillations,  488,  538 
Outward-flow  turbine,  441,  443 
Overshot  whei:ls.  415,  433 

Paddle  wheels.  483 
Parabnloid,  73 
Pascal,  3,  9,  32,  495 
Path  of  a  jet.  63 
Patent  log,  475 
Peirce.  C.  S  ,  14,  30 
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Felton  water  wheel.  434 
Penstock,  .^56.  359,  466 
Physi*::i]  prnju-rties  o£  water,  g 
Picra.  3J7 
PiciomcttT,  S4.  T9S,  7og.  jag 

Kagines,  350 
PifHis,  j$.    104.    "9*5,    TD4-»*4-  apo. 

curves  in,  Ji3^  3B6 
friclioii  factors  for,  an,  331 
friction  heada  for,  560 
smoolh,  75 
Pitomrier.  144 

Pitot's  tube.  g6,  ids,  aoo,  319 
PUte?,  movmg,  384.  477 
PlutiKvr  ]nimps,  504 
Pl>-m|"(<'0,  G,  W..  10 
Pncunidiie  turbine,  464 
Prq$cui1li<'&  law,  161 
Pi-^ictlot,  J.  v.,  J,  114 
Poncvkl  wheel,  431 
IVtmtLal  prwTfjy.  5 
Power.  J.  iS.  355,  371 

*l\"n;*niometer,  363 
Pm*.  hvilraulii:.  jj 
Pnrssure.  <Ji^iUiT  t'f.  55,  38 
<hTi;imic,  J175-411 
^-n^-ivy  of,  170 
ll.'W  uTulor,  53,  79 
pA^'s.  J.  So.  93 
lu^n^<'nl;kl,  33 
iiUM-iim'inent  of,  84-93, 
-."*■  5  t- 

of  ^^s^^^'^.  ,ir^5,  403 
on  '.!j;tis,  jij,  41 

4^-1  I' I  Aril's.  }.ji.  35 

ii^.it  s'.iu>iioii  uf,  jj,  37S 
i:^:^:  ■■;.  ^ 

]-x^^.    zi.  4.1.  ?<4.  9o>   »J» 
IViyV  .Mrv,:.;  ™vUr,  100 

iV^ity.  <\    ]■   ,  :,  ,*PJ 


Propellpr.  481 ,  485 
Propulsion,  work  in.  479 
Pumps.  I,   TO,  4*15-533 
Pumping  through  hose,  5^9 
Pumping  through  pipes,  575 
Pumping  engines,  510 
Puppet  vaJve,  506 

Rafter,  G.  W.,  159,  160,  169 

Ram,  hydraulic,  518 
in  pipes,  390 

Range  of  a  jet,  63,  193 

Radius,  hydraulic^  265 

Rainfall,  347 

Rankinc,  W.  J    M.,  a,  3,  481 

Rating  a  meter,  94,  loi 

Reaction^  67,  377 

experiments  on,  3J8 
turbines,  44Z,  453 
wheel,  410,  437,  46a 

Reciprocating  pumps,  531 

Rectangular  conduits,  175,  561 

orifices,  53,  ui,  u6, 

'39-  553 
Reducer,  sj? 
Regulator,  545 
Relalivo  capacities  of  pipes,  138 

velocity,  69,  395 
Reservoirs,  83,  505,  353 
Resistance  of  plates,  477 

uf  ships,  476 
Reversibility,  533 
RcVfjlving  tubes,  409 

vanes,  402 

vessel,  71 
Reynolds.  O  ,  j&j 
Ring  nozzle,  iSt,  191 
Rivers.  .105-345-  3^3 
River  water.  S,  19 
Riveted  pipes,  J04,  »54i  SS9 
R(.K-hester  water  pipe,  339 
Rnd  fliiat,  310 
Kollini"  [j[  :i  ship.  3T 
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tnnbiDiJiliL ..,                                               , ,,-.,,..  .^B,  I  40 

Hoator  tad  Stori't  Manual  fcr  Reildanl  GdcUuctl  .  . . .  ...^^.,,. . .   iAbid^  i  00 

HbbIc'i  Ftcld  VAiiLial  fi^r  RjiJlrnqrl  Bnclnatn.  _....,.., .. jAhhih  cLiHiaccD.  ^  » 

Pli^lbrlfk't  Field  HAnuvl  (i^r  EnKLorffL  .....,'.  ^. ......... ttva*  iD4nicar,  1  v 

£e*r>ti>'B  Field  ^ncioKrjW,    ,,  ...,...^........,.E6iQa»  DutDccc,  }  » 

R4lb'U4il  ^Tihjjfll _.  .,.i6cnn,  nuisntto.  I  ^ 

Ta^l'ir'i  PrLvmuLdal  rurmruliB  and  Sanhvoflr. ........   .,,  .,                   t»,  1  50 

■  IrauiwtnF^t  McUiDd  al  CBki^iaEiDf  ibr  Cub?  CohIvdV  gf  En«»a1lBu  aed 

K^ftbA^ikrnriiii  by  the  AM  iiT  daiEATDi Salt,  •  n(> 

Thr  Fltld  pTKtJr*  d(  LaTEnc  Out  CIvEuWr  Cur>»  rw  RalliHidB- 

tln»»  iaar«Ei»,  ■  9 

CreaiHiacElHin  fhHt- .  .  -                                 Pa^,  t% 

Wabh't  n^ilroad  CoiuliuclJuD    ,  ,  ,                                                        lAfDV.  IBoCHCap  £  «v 

WalLliijrloD'i  t^Domlf  Tbesry  of  lbt  Lacaltoa  nd  lUilvaiv,  ,1,..  .tB«Uta*.  ft  «• 

DRAWlffG. 

BtiT^  Einemailu  df  Hai^Mnafi. . -..„...,... ,. .,A».  ■  go 

*BirU«n't  Macbamcai  Pnwtat. Iwi  1  *b 

*  "                                      "        Alirld^£d ..             In,  I  9» 

CooUdft'a  Ifjijnul  0^  Dmvlnc ...,.......,..,,..         Rvn,pap>f  1  to 

C^nHa^B  aad  Fra«iiuii'k  Ekmtati  vT  GBaflnl  ZUtMu  'vi  HathapUai  Ea(a- 

nttn.                            ,         ,         ,                                                         OMqnl  fl*.  J  fa 

Duib?'!  Kiiumalii*  nE  Hactlln'K.  ,  . .             .,    ..                           -.,,...,,  ,#ffU.  (  a* 

BBcb^i  louoductloD  to  PiDjacUva  CtftatUT  tod  lia  ABpoatUm.. w  F....ftffr.  i  50 


SJlTa  TEzL-^wk  «B  SbAdtf  Had  SiHilvini,  mM  P^np^tn-rK.  .  ., . ... in.  t  » 

JtoJion'i  Klenuni*  of  Me<htn\ca\  Dmina,.  d...,,'...^..   ........    .Sra,  j  go 

Johva'i  HftiLbim  t>*«ICDr 

FftnL     ElDtfruUcflfll  UadilaHT. ....-,... ttv,  i  %a 

pAtitl-     Farm.  StiFDjih.  and  nrop«tl«D4  of  hrU. Bn,  ji  do 

HuCdrd'i  ElamcnU  aI  DtwflpliTt  f^»riitrTy.  .., ..,.,...,,  ,8hi,  j  iw 

KiaHOULLEj!  or.  Prietieal  KbcIudIaiil  ,,,„,,_, ....,.,. ,*<  .Ivp,  ;^  m 

Mirc  luTiKiiE  □itwirif.  -  .  .-.------ .---.,.. .^bi  4.  DO 

ValiKity  Dit^FAqu. -  r .  .ftvo.  1  50 

•  AUiunE  DtficriEi'teCeanACrr  flDdStaDc-cunlac....,,.,..,... Sva,  i  so 

laiuiUtiii  Dr4»iii|.     'ThempannrT. . .  .-- .  1...... .Vvo.  3  S/o 

Unftt"*  DrtirlpTjwB  0<ft"iaQr-..    ....,   ,,,,....>,,..,,,,,....,,,.<  ,lrv,  >  •« 

RtOd'l  TapaETBphiCAl  DriwltiM  tod  fiktttUnf. . .  , *.,...., 4ID,  s  00 

Kcid'i  Couric  ta  Hechuiiul  Urawim, ..Hn.  i  oa 

TviI'lKiDfa  af  Hrchdniral  r>ra*l1i(  and  EloncrLUT  IiAcll[lW  Untin  Hvn.  1  DQ 

Robliuoa'a  PrLlLElptHk  of  HecbaniiDi. .                          - SrOh  )  '^ 

Schwomb  ana  Henilk'E  I^L«iiieiitB  ot  Vfl?b»aU«n. -    -   -ffw,  3  dq 

Smllb's  Manual  ol  Tcpnirapbiial  Draulr^     '  HcHilbn.X Ava.  >  SQ 

VanVD'k  EtamvTia  dT  Plaoa  and  Solid  Fr**-]vnd  Ovrqeirlcal  DTiwinB    I'lm.  i  oa 

DnfUiK  JoitruDEEiTB  and  OpeniLdni, .. ..Tnu.  i  15 

nannal  9I  ElFiicnrafr  PtcjccUop  pTawkm-. .  .........  ± ...... .    -iid»,  e  so 

NAanat  of  Vltnivatarr  Pr*b]*nii  la  tbv  LiiuBr  ^npKliT*  of  Farm  and 

fi&fdoi^,    . , . . ,    . . , . ,    ..,.-. -...--    .una.  1  «B 

Pitttf  Prniiknia  In  Eiemaniair  GfoafIt? ..,,.,..,  .umB,  i   ja 

Prjcnary  GvQiualry - iin»,  75 

El4iBania  □!  iKanl^w  Gaofflttrr.  Shadowa.  uid  Panpactin.  .. ,. .  Bva.  .j  50 

Qflne»l  Prnblami  ot  Sitadei  and  StudnABv .-.-.-......,... flf*,  i  oe 

Clemanti  nf  HaclUflt  CoiuUirtclcrn  and  I>raw1ii|. --  .8?at  7  50 

ProUinu.  Ihtnrtme,  and  EiamplH  In  l>«cri?l4Ta  Oaomitrr.  .....  .Sva^  j  so 

VdthncliS  KinaD^atJuand  E^awFrof  TranunlHaiOD.    {HfUQbiID  aod  K^iii'iUvo,  j  ao 

WliTlpl*!''!  Practkcal  lulrqcUvn  In  Uia  Aii  cJ  Letter  Esipariiv-  ^  - ,  --,  umat  t  ao 

Wi]ti>D^9  ^H.  U.  t  ^op^^acafitli<  Su-rrylim -.---.-.....,,.  Sra.  3  5a 

WiliuD'B  <V.  T.^  Frpa-tand  Penjirc&r ..,.,.....,.  .dV9,  >  SO 

Wllauu't  (V.  T.J  Frea-hand  UlTerini. -.  .flro.  i  00 

WoDlf'i  EJimaDlarr  C«una  In  DncilptLra  OhbicItj t  —  .-t — Luia  Svd.  j  00 


ELECTRICITY   AflD   PHYSICS. 

AnthoDT  Ud  Bnchcll'i  rex[-bnok  ai  i'hjaia,     (Afixke.) SmaQ  Brot  1  » 

Antbnriy'a  L«<  hi  rfr-noln  on  Tha  ThnHy  ol  EJvclrical  MaBKirFDiEab    .    .iima,  r    m 

BcaJamiD't  Sitlotj  al  ElKlrlELTf. ..,,.,..,.,.......,,..,,..,,.,.,  .,!*□,  3  OV 

Vollait  CtLL ......,.,. 8yo,  j  m 

Claaaan'k  Quanli rfl Mir  OlF^Sral  AnalTtll  bp  ElDCtrDTTfLl.     (Bairwand. )  Pio,  j  no 

Cnborr  and  SiuifE'h  PularEfJng  Phorc-( hro n OHfa pb £>D.  3  OQ 

!■&■»□'■  "]^DCJiitfl[]i.|"  «nd  Gtocuic  TiactiDD  ftcket-frWjJii  ibfiw.  fflorocco,  s  00 
Holmttitk't   Theorj  nt  fbe   Lead    Accumnlater   IStonfa   Batlerr^      IVoa 

ISadaO-  -.  -. -.  . iinio.  >  SB 

Uuhem'g  TrurmadT'Uiaka  and  CbeiUglrT,     fBurco^ti.),  ,»»^j,«.^.,.  ..B*o,  4  04 

FlaCtiFf't  OinainriiaeHrfl.  and  lav  JHeanurTiiuiil  al  Palrer...!.  .4..^. Eiiiia<  ^  oa 

aiJbart'i  Dc  Ha^nvTr.     (Hu[i«laj.l ---,.,  .,_t-t-.-t- 5«o.  3  £d 

HhtipSpii'p  AJTrrnaCin^  CiuTpcEt  Eapbtoad,  ..  .,  ,  ,-^,t\*-w-*r  ..*..-.  EJ13UI.  1  09 

Bflnm'i  itaad)  JlcEanaca  labia  ICoAvtnioii  Plcnni .iteia»niDroacaf  r  sa 

Babnan't  Prcdkiort  ol  Hpaiu rtir cnli.  . .                          BtCi  t  ao 

TaleecopiG    kCiEiDr-icale  HfTliDd.  AdJLulnHr^rB.  and    TMt...  ,LmB  Bta.  75 

ILiaibruimir'i  Teauriz  «l  CaBdDiiaiii-L'Vftiti  Vaeltinti....*  .<.....< Btd,  i  do 

Landaurr't  SpHlruiii  AnaljiJa       ^Tlnik,  >. .. .      Ir^i  3  oo 

LeCbaitLkBH  HHiEb-iHinperaruiF  HaaR  rr  mvniB-  1 D "oil  ouafd— Burn k- ?  1 1DW ,  y  04 

[.iih~iE;iGcir?Jr>iB4nd&lKii«rD<ii^i^of<JFB*nicCQaipi>iMLds.  LLarcnL]  larac,  ■  n 


J  hjan^i  Tru.UH  oa  EktVDDUjTDfltJc  PluoomeEti,   VqU.  I   ind  IE.  Svo,  tAcb, 

*  Hicble'i  ELlcmcfiU  it  Vavt  HoELDa  SEtaUn|  la  Sound  ulil  yg-hl.  ^..       .Bva, 
V1bii[|«I'i  R>rbrnUrr  Tmliv  on  Electric  BlIIeriH.     (^Uiback.^  aima, 

•  RDHnbafB'^  EkictTLcaJ  EoglntariD^     \BAiimii*  Gt* — Uiubruiuur^J.     .Svo, 
Vjaa.  KanL«.  'nd  IIoxi«'i  BIhitluI  Utthiarrf^    Vol.  J>  ..i  .'>.,.  ^  -      -Swo, 

TbonlDll't  StitJKBtrr  Sl«lini-*iiclnaL  -  -r- i Sto, 

'TiLman'l  Ekminlary  LtHOU  Id  HuL »_ .^^ ,. Bra, 

Tnry  ind  Pilcbrr'i  HflilLul  of  L^bonlort  Physlct.  .. ,  , , ,  ^..^.. ,    SfflaElSro. 
nika'v  MviJtlD  ElKtiDlflic  Copper  RfGhiilc --.----*, -,......^. Ska, 


LAW. 

•  ]>Bi']s't  BUmiDlt  otljtw... ^ ,, ...*., p. ,-  .Bv«, 

•  TrHllx  oq  EhiMUitUT  Ltw  o(  UnlUd  SlVV.,.,. ..........Sn, 

•  UlHffi. 

Vaniial  Toe  Cmini-nUIfia  L ^  ..iCiild,  IBftnctv. 

Vul^t  SofllnrariiLE  mat  Alchi  ISC  Euril  JnlilpradviuM. ... Avd, 

Sbecff, 
Law  o1 0>eiBtio(u  FrvnnilauT  Iti  Cooslnaditpn  la  Eniietrrlnc  and  Aicbj- 

ttclDTBr BvD, 

Law  a(  ConfEatti. .... flao, 

Winltari^'t  Abrid^maDl  of  HJUl*i>  Ijvf. ,  -.  .-.--.  r-.-- .  r,.., uow. 

MANDFACTtTRES, 


Bfmaiifij't  SiddIkIhi  Povdrr— niiTD-cvQatQiv  *Dd  TbvoiT  of  Di*  CetlLi]«i 

HolKdlf        -. ....  -    .-    ,    -    r    .    .    .    d    ----    r-    d    r     .    ,   jaiUO,  J 

BclWnd't  Iron  Faojidrr. utoit.    i 

"Tit*  Iron  fcumJ^r,"  5upplirD]«ni. .. .  aipo.    > 

EncrcJovedi'  ol  I'ouQdlac  and  Dtciianary  td  Fouodrr  Terma  tiKd  in  i^ 

pTMlice  ol  MouldlTii. I1I1I4.     i 

Qiabr'i  M^^dc^l1  TiJeh  Fitl^nlfiM _,,._i_ 9m.    4 

KflTDiiCi  EBuyiDFE  BniI  Tbffli-  AppUcaliDDi.     (FtbScdIDv  . .  ..,...,-.       r    Bto.     3 

FEiaerDJil'»  ButlL»n  AlAi:lLiDiii,  , .    .,,,., ^. ,,,,..  f.  <  .lU&Oi     ■ 

Font's  ILijiIfi  Unkiitfi  f'<r  TloiLfr  HakrTL .-_,,. ...,_,. limci     1 

BQpkln'B  OH-chFEnlalv'  Gandbhib.  ..,-,.,,..,-,.,....,<,,, >  - . ,  HrDi    3 

Keep's  Cait  IroOb , .............     Sva.    a 

Luch'a  Tbii  Idaprctian  and  Analfma  al  Food  wJth  SpicAL  Rer«nai>  rn  9(bCv 

Convol ,...„.....- .-,    ...  .LaniArcp    7 

Kanhewfl'i  Tbe  Tunic  Flbref.  ,^... ...,.._.., -    .    .  .   Ova,    3 

WelMlfi  SlcrL      A  WnrKiiH-T  Sl*fl-uHm time.     3 

M«1i:aLla~t  Cwt  oi  MvnuJu^Xiirrt — And  Ih*  AdmtoJtlndDD  Irf  Vdrkftbopfe  S-TD,     j 

Vcvtr'aEHodim  LDGDQioEirv  CoELitnictkon.. ,......,. ..   ,,.,., 4I04  i<r 

VaiH't  CakutaLi^i'v  flicd  ID  Cbbf-rucv  Faclorln- -  ifkmp  monccoi     1 

■  RtipiE'B  Ga\Av  lu  Plvtv-dtvinft.  .  - ...  .iro.  15 

^Abm'B  IndvitruLL  Bhd  Anliijc  TKhoolDRT  of  Palab  ud  VtmMlk.     .      >td.    s 

BmilWi  PlMt»'*urknir  d1  Mr!nlfl, .        ,  flTft. 

Cpflldj-iji'B  Hrdicuiic  Cemtni, |3ino. 

Bpcaccr'a  aaii4bDak  tar  CIi4diIiIi  oTBitt-iacu  Bourt.    ...  iteiOp  Df^rorco. 

llAndtinLili  lur  £iibb(  UuiufaclufCFa  lod  Thviz  Chrtaisli      tima,  noiQCto, 

Tb^^^e  'nd  ThcmipHTt't  TrralUe  i>n  CimrrTc,  Plain  aii4  ftrinfurirrd  dro, 

T^unloD'i  Atmiiaal  of  SlHam-balkra,  Ib^  l>«lcDa,  CoaatmcdaD  ud  Optn- 

tLso.  r 1  . . . .  1 -.  ..^.d .... .    .       Stei, 

•  VaVf'm  Leclum  on  Eaplof  Jto.       . . S>d, 

Wirr'4  HflTiulBctai*  aF  ^ufiT.     (In  prtn.) 

Well's  AdtertcaD  FcuDdfT  Pnrfica. .  . .<...^. .tiou, 

HouhUr'aleat-VniL..'. .   .lama. 

10 


UATHEKATICS. 

ler'A  EOintlc  FuDfTlDPl.  ......    , ....^....... .  ,810.  t  W 

>  EUiinflita  n1  DinrcfDliiiL  CitJculm, . ,±.ikRiiF»  4  30 

BrLgci'l  FhlUBdll  tri  Pinn*  Anfllrflc  G*(kTiH|fT. ...^,, ,,,-,..,  .IJiuat  ■•□(» 

CvQkDiQiL'A  MoQiii]  or  Lanjullbmlc  CnrnpuEqitona.^. . ,. .....*  ,i3mp,  e  so 

D>tk'>  tatEoductiDa  to  Uld  Ld|Jc  d1  AlKitarflL . ,,...-^..  .^.        Sv«,  1    5Q 

*  DLdaw'a  CoUs^t  AlaetLia,  ,  ,  ,                                ,  ,     ,                           Liiii-  omo^  1  50 

■       Isbv^uetioa  iQ  lat  Tbfli>rT' q1  Alfie^Tiic  fiqiutlQDi,    ,..      .   l-uie  j?icup  i  93 

Koxh't  [qliQilTjEtliHi  la  PidjkHvd  CcomKry  aM  it*  A>iiUciitJan>-             -ftvok  2  50 

HabLctl'a  EllUCdIft  oi  GcometTT.  ^             Av«.  J   VS 

ElciDEaliiiT  SrtilbvClc  GtufflAirr. ..■..-    .  -   -.  -   ..  .■.-^^-   -  .Kvo,  r  s" 

■tatluiuL  Utometry, . .  ,,.    ,    .    .,.,.. ,,.,   ,,., ijqi*.  I  T5 

^Johudo't  U^  Brt  TluK-pbicc  ZjaiviUiTnig  TtMear  Val-porlsflt  mn  pupir.  15 

mo  (HipiA&  rar  5  00 

«                                                     HdUDi«d  on  hvivy  cudboudt  £  ':  10  IbcAh.  as 

iocppLi«rEjr  1  00 

Johiuan'a  (V.  W.>  ElemHiiUr>  Tnttltn  OH  DiflriAnllol  Caku^u>   .&di*Ii  Anj,  \  00 

Jobiuan'l  I W.  v.)  GJFmealary  TrsBliBS  cm  Ihi  Itilmtfa\  ColCDlut  Sni»U  hvo^  i    5a 

JaELDKa'i  fV^  W.J  Ctfrve  TfucIqc  >■■  LaiTa<lan  CD-ardlotlDi. .    .       .   iinie,  i  m 
JqEiikBoa'l  iW.  W.)  TrvKlJIr  JjO  QiiioMrj  aad  PuUal  UlSuflnluL  EauatiooB^ 

JahLuoD'i  (W.  W.l  TI»oTr  of  Eifori  Aad  the  MeOiad  of  Leui  SqiurHrisiD  '<  1  so 

■  JoblUDfl'llW.  W-1  TbgorgtiEal  WficJunicM.  ■  > IJnm,  i  M 

t aplf  ■'■  IH" ItrtBrtph Irjl  ^taty  on  Praba bElil] ea.     ^TruvaHand  Emarj-}    lania,  3  uO 
*  LadlDifr  and  Bosl     EltmtnU  ol  ITifffnoEaBlTF  uid  LofuJUbnic  uid  Oibcr 

TablEL    -                                                       Bvo.  3  W 

Tli^aintsitfij  and  TabltA  publiihtd  lepaialcly                 .     .             .    .Fdcb,  i  oO 

"  LudLoJT'a  La^anUimlG  and  TninDumrmc  T^blvE. Bvd.  i  do 

MMura's  Iccbucal  HrchdnjcB,  ,,          .-..^,..^..-...-,..b.   ,  400 

IbrrlrLKD  qnd  WDodvaid'B  llicbei  MAChrauiIlCL  -,.-<<-,,--.,-...  f.,  .&Vo,  5  od 

Ibtriouii^i  BTciliod  of  L^bai  Squbivi.  ,                  _    ., flvo,  7  do 

BJ»uiil  JoboiOD's  ElcmcnlacT  TrttUHOD  ibe  blCennlialCikiJtd-  Sv,  &vo,  i  so 

Dilfrr#nUM]  und  lotcpml  CiIhuElu.      1  ToJi.  ka  ddc SmaU  Avo,  a  so 

Vood'l  EIvidedIb  of  Cc— nrdtnale  Gtiimeliy.  . .                                Svo,  I  m 

TnflODoiDtUy  r  Aiulritcal.  Plui«,  iDd  Sphf  (icBl .,.,.,.. iib»,  1  do 


MECRAinCAL    ENGDTEERrrfG, 


HATKHIALS  OP  EflCtffEEBrNO,  BTEXM.EriGIBES  AITO  BOaEftS. 

Vnron'B  FofB"  Pitclle*-  >' -  -  -   - -   -       nmo,  i  s° 

lMI4vifi>  Slram  Heal knff  for BoLUln|it  ...•■  4  >  >  1  ><  '>'----p>  1  *  ■  f    -  ^      iinw,  1  50 

BuT'a  KiD?Ti'a[L?i  oj  UB^JiindT-  >''-'->-■■>-*«>-«>  i~*n>>^-  ■—  -  ■  -    -      ^vo,  j  30 

*BarllcllS  Mefb4:»cdN>rdwJpr.,     ,  ,. -..,...,  ^ .  ..^^. ..- .     .     .9n^  i  W 

•  "  Atild|«J  EJ Bvo.  [JO 

Bcnlirain't  WrioUHud  RerlpH.   .--^ ,,..-. ,..^^^^^.^.-..itma.  t  oe 

Cofprplv'i  EfpfnimnntaJ  EfLfiAnrLoc.  ,..  > Oio,  6  00 

BcHEHi  and  VvDEtliling  Buildblp. . .  .,_^.,:--^-<.^ ' ...'. 8vd,  4  00 

Cvj'i  Smoiie  SuppimJoo  In  Pluii*  ii^iw  BKuvlnmrt  Ce^     (Td  PnpuB- 

tion.  I 

Cl«ik'»  <iBB  BDd  Oil  Enfine. .. , ,  , . ,     ,    gnuU  flra,  4  00 

Co^M^e'*  BdBniJd]  'j1  QraaiiDj. .,.  dvc,  paper,  e  oo 

CwliOci  ODd  FiBtniHi'i  EJtRHDa  of  Gtiuni  DnCtlos  for  MochiinLcaJ  £n- 

CLdhxi.  ,  ..,-T-t4t-'ii. ,. -..- Ofatanf  4ED,  a  54 

II 


CnBw«4*i  TrB4tla«  «&  ToQlb«4  f^Hriotf- .»...,....,iih«, 

Tn«UfBW3  BvlUABAPuOvrk. .,..•,»•.,, «b.a.i.fi-,.,iJiba. 

Durlar**  KuuiTutiu  cii  HacbioiA. ....    .^ .j. '.._^-..±,_.     Bvn, 

RoK  £>ri>idl' > . - . ^    r    . -..'.... .,...,  ,<iiHi 

GMIS  Ou  mnd  Poel  ADftlrw  f<"  £(^Drtn. .  .  -   > ^.^ . .   .       i>Aa, 

HaITi  Ctr  Li^brltaiiua. .,.  ,,^ ,,,.., ,  .ii^n, 

HuPaii*!! Tbe  OnK  Entlnt „......_,.._... Btfi^ 

JaraJOoD't  Ifcrbvktral  Drftvlof. ........... Sn. 

JVDifl'i  HAtbtae  DtsLeo: 

Pul  I.     Klnfrnuuti  fhl  KarhinvrT-  .«>..>...' .    .         ■*«, 

^•n  Jl,     FuTTni  SmitfTh^  And  ^oportDon*  rf  Parta. , . . .  •■w. 

EtnT'i  liT«<hinJtai  EnfLpvui'  PHktl-baaL  .  ,  .    .,.<,,...   -iftno,  iDarHtv, 

KiiT'i  PoVcr  aqd  PpVfi  1t«dibvjh1dil - . .  r  r         Avft. 

UdoiM'i  Kublu  Sttnp.Tiwbi  Aod  Iblboda.     irnpnifl.) 
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STEAM-EMGUTES  AITD  BOtLEES. 
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CaiDDl't  KeflictlooB  on  the  HaiWc  Pavu  oE  Hut-     (ThuntDO.), ..  -,  -Ijoid,  t  sa 

l>*w»a*i  "tucinmtiir"  aad  EJcdrit  TrAclloQ  Fockel-lKok.  ^..ifiiBDi  mar,.  3  H 

FiHd'iBolkr  U^ia«  iat  BaJ1?r  Kakcn....^^.^ - iBmo.  i  oS 

Ooh'b  LKaii]i>'L''c  SpArki .,,,,../.,....  —  -^ Svo,  j  Da 

UciiuDWft]''D  Indicaicr  Prm^ilcc  ud  Stvua-«ftclu  EcoaoBiT.  ..^ laDD.  a  « 

Hullun'n  Hpctienic'l  EnBincmiii  dI  Pdwei  PIseiIl ^ Bvo.  1  Dd 
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SCvjur'i  Maina  LocDmottrt  CoiEilnictlvD. ....... ......,<, -  r  .tiot  lO  do 
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TnhCH  of  IhF  Piopnlln  of  Sarnrmlcd  9t«flia  mnd  Othrr  Vapon.  . .    .    Swo,  I  OD 

TlKnoodrnAoiLts  of  ibe  SievD^ena^Df  mad  Oibri  Heal-DDfllDH-,  - .  .  .BrDt  S  oo 

Vilvc^GroEa  for  5lMai  EOdloeL    . - .  .    .  ivot  >  w, 

Peabod;  B'ld  ULIttr'i  Sltau-tjiiLJ^n    . ., Bvo,  4  ob 
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HodIccd'i  PrlnciplflB  ol  TbennodTiiAulcid     (Dv  BoLA.>d  ...... ...^ .  r    .  .0to»  ;  od 

SbcImIe'i  LdcdDk^EiVc  EHfEnr  Runliliif  annj  BhUAgtbinil . ...... 1  JIUd,  i  OD 

SibbtI'i  ETflatlboak  af  EagloeerinE  LabtrralDrj  Pnclue. ........... .    .nw,  >  pi 

fcicw'i  ^itani-bQlIc  pincilEtr ....  -  r- ,,.-.- flvo,  3  00 
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fitaUc^[LtiT  Sieam-BodneB. Svd^  t  yt 

Sl^a■n-^oj1^^  Fi^hMtcmi  id  ThrrirT  h]>4  Jd  PjadlEc .lamr),  1    gv 

KiquaIuT  Sleam-bDjlprB.  Ibpli  DF«lfliiB»  C on RivirlJoii p  cod  DpvaliDn . .  r  .-BTQi  5  o» 
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nHnbW  MrchaoiCt  0<  EDfJnnrlilC. . ,...,..,,., ..,,..    .. .Itd,  A  D« 
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^ni'i  TdE-haok  0I  ELftED^riTiBiT  Hecbiola  for  CoOttta  and  Scfioolt     lami,  1 

Dlngoy't  UB<li'n«r7  Fvtivrri  Haking  .  ixmu,  s  ogi 

l;TM^e't  Racor^l  at   the  TranipariMUaD  tihlblU  BdlliliDa  ot  Ibe  WwiU^ 
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DarlFf''^  KJaBiiui3«  at  MuhivaB ..■*■.,»•>  -,^,, -.,,■, ..,>.>,..  Asd,  t  00. 

JlDcvUl'i  DottcTi  MjcUlnlst.  ,,,,.,. ,,  .titaa.  t  oa 
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Bap*  r>riTiiiE  lanVi  a  04) 
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BaU'i  Cu  Liibilutiiij]. . . .,,....... ^i.i.j-««.B..i.,,i..>i     nma*  1  », 

BqUj"sAjIo(  S.wF]liii£  lAma.  Ta 

Juiui'a  Xlneiutici  of  1  PoioTuiil  ibe  JUUoiuL  XKJiuilcsoI  a  PvIUId.  Siu.^tqj  h 

■  jaboBon'i  (W.  W.j  ThEarvUuL  Uschaaici.  ...  1  uao^  j  14 

Johnun's  IX    J.I  SlBl[t>  bjr  Ortpbu  and  Al^rfaraU:  HelhodL  .  Svq.  ■  fv 

jDocfe'i  Uatbivv  CfEljiD: 
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PhtE  IIl      Foim,  Slicnprh,  aad  PiopDctiaDi  of  PmiIl  . .  Svd,  j  oa 

KWI"*  Puwtr  Bill!  PLiftirr  rrjQtmiHBiciii. .  i/nr,  im 

Laua'a  Appiiod  a]Fcbaiiii:B.  ..    ..    >-.,-..  ^,.,,.-.  8re.  T  ;« 

Laooaid'a  kUcbinf  Sbop,  ImlE,  anil  UeUicHU.     iTa  pfw.> 

Lai«U*B  ll»d*ni  RtfrisTraliag  Uacliiiurp.        P^pt.  Hapfh.  amJ  T^HII.^       ''Id  rna^> 
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VelDcitT  lUtiTMnu.  . , .  .    . , .  Sw.  E  sa 

IburFT'i  TechnkcaJ  MnbanlCT,  .  .  &nit.  4  od 

HhtIiiud'i  Tti'-boofc  oa  ibE  Uechaoici  a(  HatHriAta..  Sio.  4  dq 

*  EkmenEi  of  MecbaaLcSd .  Unop  i« 

*  UicliLE'i  ElenLrnU  ul  AualfHtal  BflrdkinLCt-  ,  -  HtU,  4  4D 
RugU^'*  Lotomodvn!  SIad'''  Compouad.  aEiil  Els^lxlt.  .  .  .  fJIDo.  1  Se 
Scid'a  Confw  in  UKhaalcaJ  DtjiKdi, ...  AIhj,  j  4a 

TpiE-book  f^  HrtbauiuJ  DTavuif  and  EkmooluT  Mac]ili>fl  Daaifr  Svo.  j  da 

lULbudi't  CompRiLHd  K^r.r ------   - ijd».  4  54 

RohuuDJi'i  Principlu  oF  MeohanUm. Svd,  )  4« 

Rjan,  HomEr  and  QmiF'i  EIhIiicbI  HacUiiaT.     ToL  1.  Sto,  1  5a 

ScEtvamJ]  flod  KfeiUI'i  EleDieati  uf  UKbuLl^lEL  ...  0«o^  J  «> 

EiMlaif'i  LocomoUgc-cnKim  Emmict  bjJ«]  WnnntciOenL  ,  ■  laom.  i  4a, 

Smitb'i  (O.J  Pirs'iii'iVliig  qI  HrL^lB .    .    ....         ....St4,  A  oo 

Sirillfa^ll  (A.  W.;  IriBiriLxH  n'  Xuichii'tt.  -    .     .....    .  ,-^.  ..,,umi>^  L  » 

SHOC^-CtaoDDpULd  Ma»liBll'EEJemviii  of  Si«w-«vJbhfIbc..    ...  - .  tro.  j  oor 

'TbLintaq'a'trcai-LK  Da  FncliDii  aqd  LoU  Votk  ip    HachLactt  ■clI    WU 

Woik,...  >Ta,  J  44 

AD^fQal  Bb  a  Huchint  lail  prime  HaKw.  and  tbt  Ljwd  vt  EBtrcaTiu, 

■  imfi^  J  H 

IfanvQ'v  ^?iDeDib  of  VacblatCoiulrucil'Ki  a^d  mwldg.  .  .  A»,  7  9* 

W(iiibccb'tKiDcniBiirK«nd  JNaWHrotlraDunuaLdd.  tHnrauim— Eulo.  i.Sfn,  j  oo 

MBcbloEij  oi  TrBDBduivon  and  Uttwcn^on.      iRenBum  -  KIeld.>  B«o.  t  4a 

Wovrf'a  ElBomnU  uf  Abalylical  Mtcbaaiu.     ..,-..,.-  Bni,  j  ott 

rrincipkB  itl  KWiaeitUtj  UKittottt. ..-, r. now.  i  13 

TDihmo,  -    .  .     .     r  -    -.,,,...*■•«•.....■..     .      Afo  1  9A 

tba  Worlds  C^otamh^q  S^fo^tianai  iSgi tio.  i  a* 
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ME  TAIL  ORGY. 

Vol    L     SLlvtt „„, ^.....,,8vv»  7  so 

VdL  IL     Cold  nad  Harcur? .    .   , .„ftto,  790 

"llASLfid-smelElnc.     (PnvUia  0  CEnts  ndtfltiBDBL}.. .  ._.^. ......  .liEod.  j  9a 

E*Vp'q  CmA  llQU ^ . .  .Avo,  >  £0 

EBikbardE'?  Prvilce  ol  Ot«  DraielDC  la  EiiroTe. ...,,- . .., Stq,  i  ^ 

L«  ChaLrlia't  Hich-[fniiMritiiTc  UmureiDCPiB.  CBondowiTd — BunCH-litinn.  j  ■» 

HflcalTi  SttfL     A  If  ■null  lot  ^tvekiuvm     ^ UBlq,  g  n> 

St&LlEt'i  HfllcrttEj  ol  UAcQlara.  >. ...  ..^,... TUna,  t  od 

Tbiinron'i  MfliFcLHh  ur  EngLDEBciAC.     In  ThrsF  FartL Em,  i  no 

PkI    n,      bon  and  S[B*I, ---.-    ,-,. ...    .    .Std,  3  BO 

Pari  [LL     A.  TrcttiBc  00  BniKi»  BroDEei.  md  Dtbcr  Alloji  and  Uiclr 

Ca  ojIilcrntH. .    .    ...    ,,.    . .,    , .StD.  J  }P 

Wkt'i  Uodem  Elacliojfllc  Copprr  ReAniu^ .__,  .*^_.,,8ni  ^  n 

STNERALOGY. 

BiiTiii(«t'«  DHEiLptioa  of  iriOFEata  ol  Coawatrcim\  Vihi*.   OblciiB.  nijccca,  1  50 

Bord'l  P^wuicd  of  Soulhwiil  VIixiiUl Svo  3  4A 

Hap  H^  &3iilEiireBt  VUiintii ^.,.-.....,..   ..PockAt^bDuh  form.  1  d« 

Bnuh't  BkQUfll  ol  IlfLmDiiwllii  UneialDcr-     rPedKcU.)....-.  .  -    -       B*o,  4  00 

ChHiv't  CtUhiiiKDr  HlnertiL - -.,..,..  r  .Bvot  pipn.  i  » 

CiDib,  1  IS 

DiclJadflrr  af  Hlp  Naniei  of  Mlneuk.  -..-.- Svu,  j  ja 

DaQa'iSTitemoE  HLD»al(]£j. -.     r    -    ,    --,--,-- r  -  lAJtf  ifttiiiaV  haibtt,  11  yi 

f Inl  Appf dAU  EQ  Hau'ft  fleif  "^ntEm  at  MiqtnloiT/' ,  ....L«ne  fivo.  1  oa 

Ttrl'bonlt  vr  DllncrmUin.  .                           . Bva,  4  o« 

ULovrftk  tivd  Ba^c  U-  Stnij  TljeH] ---.......-..,.....    .Tiina,  1  yt 

Catjtl«|UeaE  Ameiirjin  LocaIiUdi  at  MlnvrJiJiL.*  ..»....,.. _.Lufc  Byo,  i  «> 

Mlnii'l  Lir  Hiri?ra]uAr  and  PrErcfnpbr.  .    .              .............    .uma  1  v 

Houztam'i  CnlfchokBl  AddlctH*  Hi  TKbolut Su bjvtlt, .  ...,,...,....  .»mD,  |  «« 

^■kli'i  flineral  lablti ...,     Hvo,  1  j; 

EtUattia't  CiulcKUE  dT  Miaermli  tot  Sttioiitbu.        ....... Sva.  a  ^ 

Biisak'b  Tli*  DeEerBuinffUDn  <ii  RtKkAiinoiat  Uliiqnbr    (Snlth.}  fllIulia»DH  i  aa 

XvflU't  nDEi-m«iHl]lc  UlnfiCHli,   TUcK  Orcuuencf  ud  Ciri.  .                 Sra,  4  » 

*  PfeofiEid't  Aoi«B  on  I>tttfiaiDArlve  HincMlu^T  uid  Record  a1  Uinrcftt  Tnii, 

irty  piptr,  0  5« 
ItvfltalmKii't   HlcimrDpUiil   J^bTtioophf   ol    tbo   AocK-nmiicic  ttiav^t 

ilfldinis,' ,   ,    ,,.._..,.„.eTo.  s  0* 

*  TIDrBftU  ■  rul-^HKik  i>l  LiitpQjU.n(  MiDataU  mnA  Jiocka.^..,.,,., .,  <_.  rtn,  t  p# 
WiMvuu'i  MdMb-lHjr  LUhvlotr- .-.h..,.    ..,..    .HWD,  J  DO 

MuniiG. 

SwdS  VvnilbticiD  nf  U(nM     .    ,.,»>.,L -->-,,......,..,,.. iimo.  i  so 

B#yi'9  tt^taurm  oi  bouUiweat  Vltctnka,  ,,,... .,.^....    .S<o  j  do 

U^PqI  SouEl^wtKE  ViEEinl*.                     .pDckrl  Vioklvrm.  a» 

I><HJBtui'i  UDEcrimlcHJ  Addienaiaa  T«4DLu]Sblija£Ei iimo  1  do 
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